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residual  stress  measurements. 

This  final  report  covers  work  done  from  June  1967  through 
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ABSTRACT 


The  ''stresa-oorroaion-fatigue"  performance  of  several 
high  utrength-aluminu"  alloys  was  investigated  b,v  testa  of 
hydraulic  cylinders  ana  other  types  of  specimens.  Specimens 
wore  nreoared  from  forgings  and  forging  stock  of  alloys 
RDlJl-TC,  7075-T6,  7075-T7 ji »  7079-TC,  and  X7080-T7  and  from 
premium  castings  of  alloy  CH70-T7.  The  alternating  internal 
pressure  loading  of  the  cylinders  at  frequencies  between  0.15 
and  ?0  enm  in  corrosive  environment  included  hold  times  at 
load  of  as  much  a3  5.1*  minutes.  Corrosive  environment  was 
provided  by  a  warm  salt  fog  at  IS  hour  intervals. 

Alloy  7075-T73  rated  best  in  the  corrosion-fatigue 
tests;  no  stress-corrosion  cracking  occurred  in  thi3  alloy, 
and  the  live3  of  forged  cylinders  subjected  to  repeated  loadings 
to  805S  of  design  stress  in  a  corrosive  environment  were  at 
least  10  times  as  long  for  this  alloy  as  for  forged  cylinders 
of  alloys  ?01*J-T6,  7075-T6,  or  7079-T6.  Fractographic  examina¬ 
tion  showed  that  stress-corrosion  cracking  as  well  a3  fatigue 
cracking  occurred  in  alloys  2014-T6,  7075-T6,  and  7079-T6 
in  the  stress-corrosion-fatigue  tests.  The  investigation 
demonstrated  that  stress  corrosion  and  fatigue  can  interact 
under  certain  conditions  to  produce  failures  in  3horter  times 
and  fewer  cycles  than  for  either  phenomenon  occurring  by 
itself. 
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STRESS-CORROSION  AND  CORROSION-FATIGUE 
SUSCEPTIBILITY  OF  HIGH  STRENGTH 
ALUMINUM  ALLOYS 


SECTION  I 
INTRODUCTION 


Forged  aluminum  cylinders  used  for  landing  gear, 
stabilizers  and  other  airoraft  systems  are  exposed  to 
various  combinations  of  oycllo  loading  in  oorrosive  environ¬ 
ments,  Although  these  components  have  performed  well  in  most 
applications,  some  parts  have  suffered  fatigue  or  stress- 
corrosion  failures,  Such  failures  have  focused  attention  on 
the  need  for  a  better  understanding  of  the  interaction  of 
corrosion  and  fatigue,  Corrosion-fatigue  tests  oonduoted  at 
normal  machine  speeds  of  120  to  10,000  opm  do  not  allow 
sufficient  time  for  the  oorrosion  or  stress-corrosion  action 
which  may  occur  in  les3  severe  service  environments.  The 
possible  interaction  of  corrosion  and  fatigue  complicates  the 
problem. 


The  Air  Force  Materials  Laboratory,  in  an  effort  to 
establish  a  better  basis  for  selecting  aluminum  alloys  for 
hydraulic  cylinders  and  other  aircraft  structural  components, 
sponsored  this  research  program  to  study  the  combined  effects 
of  stress-corrosion  and  corrosion-fatigue  under  appropriate 
loading  rates  and  exposure  conditions.  Two  types  of  test  were 
made;  (1)  fatigue  tests  of  cylinders  under  internal  pressure  in 
which  alloy,  temper,  method  of  fabrication,  stress,  external 
environment  and  frequency  were  variables,  and  (2)  tests  of 
coupons  taken  from  cylinder  blanks.  The  latter  Include 
corrosion-fatigue  tests  and  stress-corrosion  tests  of  C-rings, 
corrosion-fatigue  tests  of  axial-stress  specimens  and  tensile, 
tear  and  fracture-toughness  tests. 


SECTION  II 


SUMMARY 


The  corrosion-fatigue  and  stress-oorrosion 
performance  of  several  high  strength  aluminum  alloys  was 
investigated  by  tests  of  hydraulic  cylinders,  C-rings  and 
axial-stress  fatigue  specimens.  Specimens  were  prepared  from 
forgings  and  forging  stook  of  alloys  2014-T6,  7075-T6,  7075-T73* 
7079-T76,  and  X7080-T7  and  also  from  premium  cast  alloy  CH70-T7. 
The  primary  purpose  was  to  evaluate  these  alloys  and  fabrica¬ 
tion  processes  by  tests  of  cylinders  subjected  to  cyclic 
internal  pressure  in  a  corrosive  environment.  A  secondary 
objective  was  to  determine  the  extent  to  which  conventional 
stress-corrosion  and  corrosion-fatigue  tests  of  the  same 
materials  would  have  predicted  the  "stress-corrosion-fatigue" 
susceptibility  of  the  cylinders. 

Frequencies  of  loading  for  the  corrosion-fatigue 
tests  of  the  cylinders  and  C-rings  were  in  the  range  of  0.15 
to  10  cpm.  The  load  cycle  included  a  hold-time  at  maximum 
load  to  allow  time  for  stress  corrosion  to  occur.  These  tests 
can  be  regarded  as  stress-corrosion  tests  in  which  the  stress 
was  periodically  removed.  The  corrosive  environment  was  provided 
by  subjecting  the  specimens  to  a  warm  salt  fog  at  12-hr  intervals. 

In  general,  the  investigation  demonstrated  that  stress- 
corrosion  cracking  may  occur  under  cyclic  loading,  especially 
at  low  frequencies,  and  that  stress-corrosion  and  fatigue  can 
interact  under  certain  conditions  to  produce  failures  in  shorter 
times  and  fewer  cycles  than  for  either  phenomenon  occurring  by 
itself. 


Overall,  alloy  7075-T73  gave  the  best  performance. 
Stress-corrosion  cracking  did  not  occur  in  any  7075-T73 
specimens  in  the  various  types  of  tests,  and  cylinders  of  this 
alloy  subjected  to  repeated  loading  to  80%  of  design  stress 
in  a  corrosive  environment  lasted  10  times  as  long  as  any  forged 
cylinders  of  2014-T6,  7075-T6,  or  7079-T6.  The  three  latter 
alloys  developed  stress-corrosion  cracks  in  these  tests.  The 
premium  cast  CH70-T7  specimens  also  did  not  exhibit  any  stress- 
corrosion  cracking.  In  only  one  test  did  stress-corrosion 
cracking  occur  in  X7080-T7  specimens. 
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Electron  microscopic  examination  indicated  failures 
to  be  either  pure  stress  oorrosion,  pure  fatigue,  one 
followed  by  the  other,  or  mixtures  of  the  two,  depending  on 
the  alloy  and  temper,  stress  level,  rate  of  cycling,  and 
conditions  of  exposure.  Mixed  mode  failures  generally  started 
from  stress-corrosion  origins;  apparently  these  cracks 
propagated  by  stress  corrosion  where  the  grains  were  favorably 
oriented  and  by  fatigue  where  they  were  not. 

In  tests  in  laboratory  air  the  lowest  fatigue 
strengths  were  those  of  the  cast  CH70-T7  cylinders;  however,  at 
the  higher  stress  levels  in  the  corrosion-fatigue  tests,  the 
lives  of  the  cast  cylinders  were  longer  than  those  of  the 
wrought  specimens  which  failed  by  stress  corrosion.  For  alloy 
7075-T73  and  X7080-T7  cylinders  tested  to  80$  of  design  stress, 
the  fatigue  lives  were  reduced  by  half  as  a  result  of  intro¬ 
ducing  a  hold  time  in  the  fatigue  cycle. 

The  majority  of  the  fatigue  and  stress-corrosion 
failures  of  the  forged  cylinders  occurred  in  the  region  of  a 
parting  plane.  However,  the  rolled  rod  stock,  which  does  not 
contain  a  parting  plane,  was  only  slightly  more  resistant 
to  corrosion- fatigue  cracking  than  were  the  die  forgings. 

The  static  stress-corrosion  tests  of  C-rings  ranked 
the  alloys  In  the  sane  high-low  resistance  categories  as  did 
the  stress-corrosion-fatigue  tests  of  cylinders;  but,  of 
course,  they  could  not  predict  the  fatigue  performance  of  the 
alloys.  Neither  corrosion-fatigue  tests  of  axial-stress 
specimens  nor  corrosion-fatigue  tests  of  C-rings  in  the  same 
environments  as  the  cylinders  gave  results  which  would  have 
predicted  the  performance  of  the  cylinders.  Recommendations 
are  made  for  improving  the  C-rlng  corrosion-fatigue  tests. 

The  crack  sizes  (fatigue  or  stress-corrosion  cracks) 
which  were  associated  with  unstable  fractures  of  the  cylinders 
correlated  well  with  the  critical  sizes  predicted  from 
fracture-toughness  tests. 


\ 
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SECTION  III 


MATERIALS 


1.  Production 


a.  Rolled^rod  forging  stock,  4-1/2-in.  diameter,  in  alloys 
7075,  1019,  X7080  and  20147  This  stock  was  produced  at  Alcoa’s 
Massena  Works  from  12  x  12-in.  or  14  x  14-in.  cast  ingot. 
Processing  was  standard  but  extra  ultrasonic  inspection  and 
metallurgical  surveillance  was  practiced.  All  of  the  bloom 
stock  met  contact  ultrasonic  inspection  standards,  in  addition 
35£  of  the  4-1/2-in.  diameter  stock  was  inspected  to  Class  A, 
ASNT  standards.  No  discontinuities  were  detected. 

b.  Die  forgings  made  at  Alcoa’s  Cleveland  Works  from  a 
portion  of  the  4-1/2-in.  diameter  stock  described  above.  The 
shape  selected  (Pig.  la)  is  a  commercial  die  forging,  normally 
made  from  4-1/2-in.  diameter  stock.  Its  dimensions  are  such 
that  the  desired  cylinder  blanks  (Pig.  lb)  could  be  obtained 
with  a  minimum  removal  of  parting-plane  structure.  The  die 
forgings  were  ultrasonically  inspected  at  Cleveland  and  found 
to  meet  standards  for  aircraft  forgings. 

c.  Premium  strength  cast  cylinder  blanks  (Pig.  lb)  of 
alloy  CH70,  an  alloy  similar  to  KOI  and  X201.0.  These  were 
made  and  heat  treated  at  Alcoa's  Cleveland  Research  Foundry. 

The  die  forgings  and  rolled  forging  stock  were 
machined  to  cylinder  blanks,  2.3  in.  I.D.  by  4.08  in.  O.D.  by 
l8-in.  (Pig.  lb)  at  Alcoa's  New  Kensington  Works.  These  were 
heat  treated  and  aged  at  the  Alcoa  Research  Laboratories  to 
the  specified  tempers  in  accordance  with  recommended  practices. 


2.  Tensile.  Tear  and  Fracture  Properties 

Longitudinal  and  transverse  tensile,  tear  and  fracture 
toughness  specimens  were  taken  from  cylinder  blanks;  the 
transverse  specimens  were  taken  both  across  and  90°  from  the 
parting  line.  The  tensile  and  fracture  toughness  specimens  were 
prepared  and  tested  in  accordance  with  ASTM  Standard  Methods 
E8l*and  E3992»  respectively.  The  tear  specimens  were  tested  as 
described  in  reference  3.  The  tear  and  fracture  toughness 
specimens  are  shown  in  Pigs.  2-4. 


•Numbers  refer  to  references  at  end  of  report. 
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Table  I  lists  the  results  of  the  tensile-property 
survey  made  on  the  test  materials.  All  alloys  and  products 
met  the  minimum  property  levels. 

The  most  significant  criteria  of  toughness  from  the 
tear  (Table  II)  and  fracture-toughness  (Tables  III  ami  IV 
for  notch-bend  and  compact  tension  specimens,  respectively) 
tests  are  the  ratios  of  tear  strength  to  tensile  yield 
strength,  the  unit  propagation  energies,  and  the  critical 
plane-strain  stress-intensity  factors,  K,  .  Clear  comparisons 
of  the  various  alloys,  tempers  and  products  on  the  basis  of 
some  of  these  parameters  are  made  difficult  by  two  factors: 
First,  many  of  the  tear  specimens  taken  from  the  longitudinal 
direction  did  not  c rack  straight  across  the  specimen  (see 
Fig.  5),  so  that  useful  values  of  the  unit  propagation  energies 
were  not  obtained  in  these  cases.  Second,  because  of  the 
limitations  imposed  on  the  thickness  and  fatigue  cracking  of 
the  fracture-toughness  specimens,  many  of  the  values  of  KQ 
obtained  were  not  technically  valid  values  of  K,  .  Candidate 
values  of  Kr  are  designated  Kc ,  in  accordance  with  ASTM 
standard  methods,  and  their  validity  checked  before  they  are 
designated  to  be  equal  to  Kjc. 

However,  broad  comparisons  among  the  various  alloys, 
tempers  and  products  can  still  be  made  by  utilizing  all  the 
data  together,  and  recognizing  that  some  of  the  fracture 
toughness  data,  though  not  technically  valid,  provide  a 
reasonable  estimate  of  the  true  K-.  .  In  the  latter  regard, 
those  data  from  specimens  which  :(a^  were  fatigue  cracked  at 
stress  intensities  slightly  higher  than  the  present  limit,  i.e., 
at  K„  between  60  and  75$  of  KT  j  or  (b)  contained  a  crack 
slightly  longer  than  the  preseSt  limit  were  considered  to  be 
meaningful  values  of  KT  ,  and  are  so  designated  in  the  tables. 
These  values  were  consiSered  together  with  the  entirely  valid 
data  in  appraising  the  toughness  of  the  materials.  For  those 
tests  from  which  the  data  were  clearly  invalid,  it  was 
considered  that  it  was  probable  (though  not  certain)  that  the 
true  value  of  Kj  was  higher  than  the  calculated  KQ.  The 
summary  listingiof  K  values  in  Table  V  was  developed  upon 
these  bases,  and  wasxfised  along  with  the  tear  test  data  in 
developing  general  ratings  of  the  toughness  of  various  alloys 
and  products. 

Of  the  materials  tested  the  7075-T73  and  X7080-T7 
samples,  particularly  the  lower  strength  roiled  rod  samples, 
had  the  highest  toughness  of  the  group.  There  was  not  much 
difference,  however,  between  the  toughness  of  the  die  forgings 
of  these  materials  (which  had  relatively  high  tensile  yield 
strengths)  and  the  toughness  of  the  7075-T6  and  7079-T 6  samples, 
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particularly  in  the  transverse  direction.  Alloy  2014-T6  rated 
lowest  in  all  test  directions  for  both  rolled  rod  and  die 
forgings.  The  cast  CH70-T7  samples  showed  less  directionality 
than  the  other  materials.  In  the  longitudinal  direction,  alloy 
CH70-T7  rated  about  on  a  par  with  alloy  7075-T6,  but  in  the 
transverse  direction  it  had  higher  toughness  than  any  of  the  other 
samples . 


With  regard  to  test  direction,  all  the  wrought  alloys 
had  higher  toughness  in  the  longitudinal  direction  than  in  the 
transverse  direction.  For  the  die  forgings,  the  toughness  in 
the  transverse  direction  across  the  parting  plane  was  generally 
lower  than  that  away  from  the  parting  plane  (X708Q-T7  was  an 
apparent  exception);  the  rolled  rod  thus  has  an  advantage  in  not 
having  this  lower-toughness  zone. 

The  specific  use  of  some  of  the  fracture-toughness 
data  in  analyzing  the  conditions  under  which  fracture  took 
place  at  the  conclusion  of  the  fatigue  tests  is  presented  in 
Section  VI-9. 
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SECTION  IV 


SPECIMENS 


1.  Preparation 

The  investigation  was  concerned  primarily  with  tests 
of  two  types  of  specimens  taken  from  the  18-in.  long  cylinder 
blanks:  (1)  cylinders  of  the  dimensions  shown  in  Fig.  6,  and 

(2)  C-rings  of  comparable  test  section  dimensions  as  shown 
in  Fig.  7-  The  dimensions  of  the  die  forged  and  cast  cylinders, 
shown  in  Fig.  6  and  Table  VI,  were  proportioned  so  that  an 
internal  pressure  of  8000  psi  would  produce  maximum  stresses 
equal  to  80%  of  the  allowable  design  stresses,  which  are  defined 
as  being  2/3  of  the  minimum  transverse  tensile  strengths.  The 
cylinders  from  rolled  stock  were  made  to  the  same  dimensions  as 
those  from  the  forgings  of  the  same  alloy. 

All  machined  cylinders  were  subjected  to  ultrasonic 
inspection  and  met  the  requirements  for  Class  A  -  ASNT  Standards 
for  wrought  aluminum  products.  Inspections  by  fluorescent 
penetrants  did  not  show  any  significant  surface  defects. 

A  C-ring  specimen  (Fig.  7)  for  corrosion-fatigue  tests 
was  cut  from  the  end  of  each  blank  from  which  a  cylinder  was 
machined.  The  same  specimen  number  was  used  for  the  two  types 
of  specimens  from  a  blank.  Similar  specimens  for  stress-corrosion 
tests  were  cut  from  other  cylinder  blanks.  In  the  case  of  the 
die  forgings,  the  C-rings  were  oriented  so  that  the  parting  plane 
coincided  with  the  section  of  maximum  bending. 


2,  Residual  Quenching  Stresses 

Residual  stresses  were  investigated  In  cylinders  of 
7075-T73,  7075-T6  and  X7080-T7,  whose  quench  water  temperatures 
were  approximately  70F,  150F  and  212F,  respectively.  Three 
bonded  resistance  strain  gages,  each  having  elements  in  the 
circumferential  and  axial  directions,  were  located  120  deg. 
apart  around  the  circumference  of  each  specimen.  A  3-in.  length 
of  cylinder,  containing  the  gages  at  midlength,  was  isolated 
from  the  specimen.  This  section  was  bored  out  in  stages  and  the 
relaxed  strains  at  the  outer  surface  measured  after  each  removal. 
The  corresponding  residual  stresses  were  determined  by  the 
Each* a  boring-out  method1*. 


Figure  8  shows  the  distribution  of  circumferential 
and  axial  residual  stress  determined  for  the  three  specimens. 
As  expected,  the  lower  the  temperature  of  the  quench  water, 
the  higher  the  residual  stresses.  The  stress  gradients,  all 
varying  from  tension  in  the  interior  to  compression  on  the 
exterior,  indicate  that  the  bore  surface  was  quenched  less 
rapidly  than  the  exterior.  Residual  stresses  of  these 
magnitudes  (circumferential  stresses  of  1-4  ksi  tension  on  the 
inside  and  1-4  ksi  compression  on  the  outside)  should  have 
only  a  minor  effect  on  fatigue  performance. 
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SECTION  V 


PROCEDURES 


1.  Axial-Stress  Fatigue  and  Corrosion-Fatigue  Tests 

A  common  short-time  method  of  evaluating  relations 
between  fatigue  and  corrosion  is  to  determine  conventional 
S-N  curves,  without  corrosion,  and  then  to  repeat  the  fatigue 
tests  in  a  corrosive  environment.  Specimens  for  these  tests, 
shown  in  Pig.  9,  were  of  such  a  size  as  to  be  limited  to  the 
longitudinal  direction  of  the  cylinder  blanks.  The  fatigue 
tests  were  made  in  ambient  air.  In  the  corrosion-fatigue 
tests  the  specimens  were  continuously  immersed  in  an  acidic 
(pH  0.8)  salt-dichromate  solution  containing  30  g/1  potassium 
dlchromate,  36  g/1  chromic  acid,  and  3  g/1  sodium  chloride. 
This  electrolyte  was  selected  because  it  causes  rapid  inter¬ 
granular  attack  of  alloys  or  tempers  susceptible  to  this  form 
of  corrosion  without  causing  appreciable  general  surface 
corrosion.  The  5  kip  Krouse  fatigue  testing  machines  utilized 
for  these  tests  operate  at  a  speed  of  1100  cpm. 


2.  Cylinder  Fatigue  Tests 

New  equipment  and  procedures  were  designed  for  the 
cylinder  corrosion-fatigue  tests.  The  cylinders  were  closed  at 
the  ends  with  threaded  aluminum  caps  fitted  with  0-ring  seals. 

As  is  indicated  in  Pig.  10  they  were  enclosed  in  chambers  so 
that  the  exterior  surfaces  were  in  a  controlled  atmospheric 
environment,  with  or  withou't  the  addition  of  corrosive  media. 

The  test  chambers  were  mounted  on  racks  as  shown  in  Pigs.  11 
and  12.  Provision  was  made  in  the  racks  for  39  specimens. 

Internal  hydraulic  pressure  was  provided  by  an  MTS 
closed-loop,  electro-hydraulic  loading  system  coupled  to  a 
10,000  psi  capacity  pressure  intensifier.  The  pressure  fluid 
was  oil  with  a  corrosion  inhibitor  added  (MIL  Spec.  052-600-0605). 
Fressures  in  the  system  were  monitored  by  a  fluid  pressure 
transducer  in  the  line  supplying  the  specimens.  The  pressurization 
system  shut  down  by  the  loss  of  oil  when  a  specimen  failed. 

In  order  to  check  the  reliability  of  the  cylinder- 
fatigue-test  procedure,  a  static  pressure-strain  survey  was  made 
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on  one  speoimen.  The  results!  Fig.  13 »  showed  good  Agreement 
between  measured  and  oaloulated  hoop  tensions  at  the  oenter 
of  the  oylinder  over  the  full  8000  pal  range  of  teat  pressure*. 
Both  olroumferentlal  and  longitudinal  atresaes  at  the  end  of 
the  oylindrioal  test  section  were  greater  than  oaloulated , 
indicating  a  small  stress  oonoentration. 

The  fluctuating  pressures  for  the  fatigue  testa  are 
controlled  by  a  calibrated  pressure  oell  looated  at  the 
intensifies  For  the  sinusoidal  loadings  the  pressure*  were 
applied  at  the  maximum  rate  at  whloh  good  correlation  oould  be 
maintained  between  the  measured  stresses  in  a  oylinder  looated 
near  the  end  of  the  line,  the  pressure  oell  reading  at  the  end 
of  the  line  and  the  pressure  oell  at  the  intensifler. 

The  volume  of  eaoh  oylinder  was  about  78  ou  in.  Sixty 
cubic  inches  of  this  were  taken  up  by  a  piooe  of  aluminum  rodt 
2-1/4  in.  diameter  by  15-1/2  In.  long,  plaoed  in  the  oylinder 
cavity.  This  was  done  to  reduoe  the  required  volume  of  hydraullo 
fluid. 


Air,  at  a  humidity  controlled  generally  to  50  +5ff,was 
circulated  through  the  test  ohambersj  oontrol  was  aooomprished 
using  an  Amlnco  Unit.  It  was  desired  to  oontrol  metal  temperatures 
to  85F  to  ensure  condensation  of  the  salt  fog.  However,  oylinder 
temperatures  were  influenced  by  room  temperature  and  speed  of 
pressurizing,  so  that  the  metal  temperature  varied  from  85  to 
HOF.  Temperature  variation  in  this  range  was  believed  not  to 
have  a  major  effeot  on  the  teat  results. 


a.  Simulated  deaooast  Environment 

The  simulated  seaooast  environment  wn,s  provided  by 
fogging  the  test  chambers  at  12-hour  intervals  with  a  warm  salt 
fog.  For  one  minute  the  test  ohambers  were  sprayed  with  a  115F 
solution  of  5%  sodium  chloride  (NaCl)  in  deionized  water 
buffered  to  a  pH  range  of  4-5.  Air  valves  on  the  inlets  olosed 
the  chambers  off  during  the  salt  fog  and  during  a  subsequent 
seven-minute  period  of  draining  and  purging.  For  the  remainder 
of  the  12-hour  period,  conditioned  air,  at  a  humidity  of  50  +J5#, 
was  circulated  through  the  chamber. 


b.  Loading  of  Cylinders  Tested  in  Simulated  Seaooast 
Environment _ 


To  allow  time  for  corrosive  action  to  occur,  the  pressures 
in  the  simulated  seacoast  environment  were  oycled  at  a  frequency 


such  thatt  for  moat  all  a,  it  would  roqutr*  six  months  or 
more  to  accumulate  the  number  of  loadings  which  produced 
fatigue  failure  in  the  tenta  in  laboratory  air.  The  pressure 
was  held  at  maximum  for  80*  of  the  period  and  then  cycled t 
using  a  sine  type  curve,  to  minimum  and  bnok  to  maximum.  For 
example,  the  hold  time  was  !M  minutes  per  oyole  for  the 
tests  to  80*  of  design  stress.  These  testa  oouid  also  be 
considered  to  be  interrupted  stress-corrosion  teats. 


A  limited  investigation  was  made  of  the  streaa-oorroalon 
oraoking  characteristics  of  cylinders  under  oonatant  Internal 
pressure ,  Duplicate  specimens  of  7075-T6  and  7075-T73  were 
placed  in  teat  chambers  at  the  same  time  aa  the  oorroaion- 
fatigue  testa,  but  the  hydraulic  pressure  was  held  oonatant 
at  8000  pal  by  means  of  check  valves. 


Figures  It  and  15  show  the  apparatus  developed  to 
oonduot  these  teats.  Provision  was  made  for  testing  36  specimens 
at  one  time.  The  rings  were  loaded  to  produce  maximum  tensile 
stresses  on  the  Inside  surfaoe  equal  to  the  interior  hoop  tensions 
applied  to  the  cylinders.  Bending  stress-deflection  relations 
were  determined  for  typical  C-rings  and  these  were  used  as  a 
basis  for  the  maehine  loadings. 

The  moving  parts  of  the  meohanism  are  aotuated  by 
amall  automobile  brake  cylinders.  Oil  pressure  moves  esoh 
piston  and  the  attaohed  yokes  as  far  as  the  preset  stops  will 
permit,  In  this  way  C-rlngs,  attaohed  to  the  moving  yoke,  are 
strained  to  the  desired  level.  A  small  preload  ,1s  maintained 
on  the  C-rlng  by  a  spring  and  when  a  ring  oracks  the  resulting 
drop  in  preload  trips  a  timer,  indicating  the  time  to  failure. 

Figure  16  shows  relations  between  C-ring  defleotlon 
and  bending  stresses  on  the  seotion  of  maximum  moment.  The 
interesting  point  to  be  noted  is  that  the  oiroumferential  tension 
at  midwidth  is  15  to  20*  higher  than  at  the  edges  of  the  speolmen. 
Although  not  indicated  in  the  figure,  the  stress  distribution  is 
reversed  on  the  outside  surfaoe  of  the  C-ring,  with  the  edge 
stresses  being  higher.  This  situation,  not  oovered  by  the  usual 
stress  and  defleotlon  formulas,  results  from  restraint  of  trans¬ 
verse  bow.  Since  the  average  measured  bending  stresses  in  Fig.  16 
are  in  fair  agreement  with  calculated  values  for  a  given  ring 
deflection,  this  relationship  was  adopted  for  loading  the  C-ringa 
for  all  flexural  fatigue  and  stress-oorrosion  tests.  This  means 
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that  the  midwidth  Jtresses  were  higher,  and  the  edge  stresses 
a  lightly  lower,  than  the  oomputed  streasea, 

The  teata  in  conditioned  air,  without  aalt-fog 
injections,  were  made  aa  rapidly  aa  equipment  permitted. 

Under  oorroaive  conditions,  however,  the  oyole  times  were 
increased  by  the  use  of  hold  timea  as  in  the  oylinder  teata. 

The  C-ring  teats  diffored  from  the  cylinder  tests  in 
three  important  reapeotai  (1)  The  test  aurfaoe  of  the  C-ring 
waa  1/4  in.  from  the  original  forged  surface  while  that  of  the 
oylinder  was  about  1/2  in.  from  this  aurfaoe ;  consequently, 
the  C-ring  had  a  more  pronounoed  parting  plane  structure j, 

(2)  The  C-rlngs  were  stressed  by  oonatant  deformation  and 
the  cylinders  were  stressed  by  oonatant  load  (pressure);  thua, 
in  the  C-ring  test  the  load  tends  to  relax  aa  cracks  prooagate 
through  the  thioknesa,  resulting  in  longer  lives;  and  (3)  In 
the  oylinder  tests,  the  simulated  aeaooast  environment  waa 
fairly  uniform  in  the  various  teat  ohambers;  however,  in  the 
C-ring  tests  the  oonoentration  of  salt  deposits  varied  along 
the  length  of  the  chamber,  and  waa  fairly  light  on  apeolmens 
remote  from  the  nozzles.  This  latter  behavior  probably 
accounted  for  some  of  the  scatter  -in  C-ring  test  results, 
sinoe  triplicate  C-ring  speoimena  from  a  given  alloy  and  product 
were  positioned  at  different  locations  relative  to  the  nozzle. 


5.  C-Ring  .Stress-Corrosion  Teata 

Because  the  C-ring  ia  a  standard  stress-oorrosion  test 
specimen  appropriate  for  oylinder  parts,  tests  of  this  type  were 
made  on  all  alloys  and  produota.  The  purpose  of  these  tosts  was 
to  establish  the  stress-oorrosion  resistance  of  the  test 
materials  and  to  investigate  possible  correlations  befcwt  -uress- 
oorrosion  and  corrosion-fatigue  behavior.  The  C-rings  were  of 
the  same  size  as  used  in  the  fatigue  tests.  They  were  stressed 
statically  by  means  of  threaded  studs  located  on  the  C-ring 
diameter.  Expansion  of  the  diameter  induced  tensile  stresses 
on  the  inner  aurfaoe,  as  in  the  oorrosion-fatigue  tests.  C-rings 
were  stressed  to  80,  55,  and  30#  of  the  design  stresses  for  the 
different  alloys. 

The  following  exposures  were  used  in  the  C-ring  stress- 
oorrosion  tests: 

1.  Simulated  seaooast  environment  as  described  in 
Seotion  V.2.a.  The  lower  two  ohimbers  on  the  rack  of  the  C-rlng 
fatigue  apparatus  shown  in  Fig.  15  were  used  for  this  purpose. 
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2,  Seacoast  atmosphere  at  Alcoa’s  exposure  station 
at  Point  Judith,  Rhode  Island.  The  Point  Judith  facilities, 
facing  south  into  the  Atlantic  Ocean,  are  located  300  feet 
from  the  water’s  edge  on  a  rocky  beach,  a  few  feet  above  sea 
level.  Specimens  face  the  ooean  but  are  tilted  l»5°  upward. 

The  specimens  are  inspected  periodically  for  failures. 

3.  Alternate  immersion  in  a  3.5%  NaCl  solution, 
which  is  the  most  widely  used  test  for  many  aluminum  alloys 
and  therefore  established  a  common  reference  datum.  These 
tests  employed  a  3*5#  by  weight  NaCl  solution  made  from  reagent 
grade  salt  and  distilled  water.  The  salt  concentration  was 
maintained  by  frequent  additions  of  water  to  compensate  for 
loss  of  water  by  evaporation.  The  pH  was  maintained  within  a 
range  of  6.7  to  7.^. 

The  alternate-immersion  cycle  consisted  of  total 
immersion  of  the  specimens  for  10  minutes  each  hour.  For  the 
remaining  50  minutes  per  hour  the  specimens  air  dried  at  75  to 
80F  and  <45  to  50#  relative  humidity.  The  specimens  were  tested 
for  the  standard  exposure  period  of  8*1  days.  They  were  inspected 
daily  for  failure. 
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SECTION  VI 


TEST  RESULTS 


1.  Fatigue  and  Corrosion-Fatigue  Tests  of  Axial-Stress  Specimens 

The  results  of  the  fatigue  tests  of  1/8-in.  thick, 
longitudinal,  axial-stress  specimens  are  presented  in  Table  VII 
and  Pigs.  17  to  22.  For  reference,  a  scatter  band  reported  for 
axial-stress  fatigue  tests5  of  round  specimens  for  the  strongest 
alloy,  7075-T6,  is  shown  on  each  plot.  Also,  the  average  S-N 
curve  from  Pig.  17  for  7075-T6  specimens  tested  in  the  acidic 
salt-dichromate  solution  is  shown  on  the  plots  for  the  other  alloys. 
For  each  of  the  wrought  alloys  the  results  for  the  specimens 
tested  in  air  tend  to  cluster  about  the  lower  bound  of  the  scatter 
band.  This  is  reasonable  since  it  is  common  for  rectangular 
specimens  to  give  lower  results  than  round  specimens  in  the  range 
of  105  to  10°  cycles.  The  results  for  the  rolled  rod  and  forged 
specimens  of  the  five  alloys  are  equivalent.  For  lives  beyond 
105  cycles  the  fatigue  strengths  of  the  cast  CH70-T7  specimens 
are  half  or  less  than  the  strengths  of  the  wrought  products. 

Testing  these  specimens  in  the  acidic  salt-dichromate 
solution  dropped  the  fatigue  strength  of  the  wrought  products  by 
50$  or  more.  In  this  medium  there  is  little  difference  between 
the  results  for  the  sand  castings  and  the  wrought  materials. 

However,  there  does  appear  to  be  some  advantage  for  alloys 
7079-T6  and  X7080-T7. 


2.  Fatigue  Tests  of  Cylinders  in  Air 

The  results  of  the  fatigue  tests  of  cylinders  tested 
in  laboratory  atmosphere  with  controlled  humidity  are  listed  in 
Tables  VIII  to  XIII  and  plotted  in  Fig.  23*  Clearly,  the  cast 
cylinders  had  the  lowest  fatigue  strengths.  There  is  substantial 
overlap  of  the  lives  obtained  for  the  wrought  cylinders  stressed 
to  80$  of  design  stress,  but  alloys  2014-T6  and  7075-T73  showed 
some  advantage. 

The  maximum  test  pressure  in  the  wrought  cylinders 
which  did  not  fail  in  six  million  cycles  to  3,000  psi  (30$  of 
design  stress)  was  increased  to  5,000  psi;  and  for  those  cylinders 
which  did  not  fail  in  eight  million  cycles  to  that  pressure,  the 
pressure  was  increased  to  6,500  psi.  To  determine  if  the  prior 
stressing  affected  the  life,  one  of  the  7075-T6  and  one  of  the 
7075-T73  cylinders,  having  such  a  history,  were  tested  to  failure 


at  8,000  psi.  The  lives  of  these  specimens  were  greater  than 
those  of  virgin  specimens  of  these  alloys  tested  at  8,000  psi. 
Obviously,  the  prior  life  was  not  detrimental.  For  the  lower 
test  pressures  alloy  7079-T6  had  the  shortest  lives  and  7075-T73 
the  longest. 

If  the  above  comparisons  were  made  on  the  basis  of 
maximum  net  stress,  as  on  a  normal  stress-cycle  plot,  the  evaluation 
would  be  altered  somewhat.  Because  the  sand  cast  specimens  were 
the  lowest  stressed,  the  advantage  of  the  wrought  products  would 
be  greater.  The  advantage  of  alloy  7075-T73  would  be  reduced 
since  it  was  the  lowest  stressed  of  the  wrought  alloys. 


Static  Stress-Corrosion  Tests  of  Cylinders 


The  two  7075-T6  cylinders  subjected  to  hydrostatic 
pressures  of  8,000  psi  (80#  of  design)  failed  by  stress  corrosion 
after  7  and  8  days'  exposure  to  the  simulated  seacoast  environment. 
One  of  these  failures  is  pictured  in  Fig.  24a.  Neither  of  the 
7075-T73  cylinders  failed  in  15  months.  Thus,  these  tests  confirm 
that  alloy  7075-T73  is  highly  resistant  to  stress  corrosion. 


4.  Stress-Corrosion-Fatigue  Tests  of  Cylinders  in  Simulated 
Seacoast  Environment _ 

As  is  listed  in  Tables  VIII  to  XIII,  both  stress- 
corrosion  and  fatigue  failures  occurred  in  the  cylinders  subjected 
to  repeated  loading  in  the  simulated  seacoast  environment.  The 
lives  for  the  various  alloys  are  compared  in  Tables  XIV  and  XV 
and  in  Fig.  25.  For  alloys  7079-T6,  2014-T6  and  7075-T6, 
failures  occurred  by  stress-corrosion  cracking  at  a  pressure  of 
8,000  psi  after  fewer  than  1/10  as  many  loadings  as  required  to 
cause  fatigue  failures  in  the  tests  in  air.  Thus,  their  lives 
were  much  shorter  than  those  of  alloys  7075-T73,  X7080-T7  and 
CH70-T7  which  failed  by  fatigue.  The  longest  lives  were  for 
alloy  7075-T73. 

The  fatigue  lives  of  the  7075-T73  and  X7080-T7  cylinders 
pressurized  to  80£  of  design  stress  in  the  simulated  seacoast 
environment  are  about  half  the  lives  of  specimens  tested  in  air. 
Because  the  failures  of  these  specimens  initiated  on  the  inside 
surface,  the  difference  is  obviously  not  a  result  of  the  salt  spray. 
Apparently,  it  is  a  result  of  the  5.4  min.  hold  time  in  the  load 
cycle.  The  fact  that  the  one  7075-T73  cylinder  pressurized  along 
with  those  being  sprayed,  but  not  itself  sprayed,  had  a  life  only 
slightly  longer  than  those  being  sprayed  adds  credence  to  this 
conclusion.  The  hold  times  did  not  reduce  the  lives  of  the  cast 
cylinders.  Many  of  the  specimens  subjected  to  the  hold  time  at 
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80 %  of  design  stress  had  multiple  fatigue  origins,  whereas  only 
a  single  origin  was  visible  in  the  fracture  surfaces  of  the 
wrought  specimens  subjected  to  the  uninterrupted  sinusoidal 
loadings . 

Two  of  the  /075-T6  forged  cylinders  pressurized  to 
50#  of  design  stress  failed  at  a  life  less  than  1%  of  that 
at  which  the  sinusoidal  tests  were  stopped  without  any  failure 
of  the  7075  specimens.  The  lives  of  most  of  the  X7080-T7  cylinders 
were  also  surprisingly  short.  Because  the  failures  of  these 
short-lived  specimens  initiated  on  an  inside  surface,  the  short 
lives  must  be  a  result  of  the  load  cycle  rather  than  corrosion. 
However,  stress-corrosion  cracking  did  occur  in  all  three 
cylinders  from  2014-T 6  forgings  and  in  two  of  the  7079-T6 
cylinders  from  rolled  rod.  At  the  longer  lives,  most  of  the 
fatigue  failures  initiated  externally  at  corrosion  pits.  Pour 
of  six  7075-T73  cylinders  survived  1,000,000  or  more  pressuriza¬ 
tions  to  this  stress  level;  only  one  other  specimen,  a  2014-T6 
cylinder  of  rolled  rod  stock,  survived  this  many  loadings. 

Overall,  the  best  cylinder  performance  in  the 
corrosion- fatigue,  as  well  as  air-fatigue  tests,  was  obtained 
with  alloy  7075-173.  Second  rating  should  probably  go  to  alloy 
X7080-T7  because  it  was  more  resistant  to  stress-corrosion 
than  alloys  2014-T6,  7075-T6  and  7079-T6.  The  cast  alloy  would 
rate  ahead  of  alloys  7079-T6  and  7075-T6  in  the  corrosion-fatigue 
tests . 

The  parting  plane  of  the  forgings  was  a  common  location 
of  failure  of  the  cylinders.  Eighteen  of  29  failures  of  the 
forged  specimens  tested  in  laboratory  air  initiated  in  a  parting 
plane.  For  the  forgings  tested  in  the  simulated  seacoast 
environment,  the  corrosion  fatigue  or  stress-corrosion  origins 
were  usually  in  a  parting  plane.  Some  of  the  specimens  had  many 
stress-corrosion  cracks  in  the  region  of  the  parting  plane. 

However,  the  rolled  rod  stock,  which  does  not  contain  a  parting 
plane,  was  only  slightly  more  resistant  to  stress-corrosion 
cracking  than  were  the  die  forgings. 


5.  Fatigue  Tests  of  C-Rlngs  in  Air 

The  results  of  the  C-ring  tests  in  laboratory  air 
(50  +5#  humidity)  are  listed  in  Tables  XVI  to  XXI  and  plotted 
in  Fig.  26.  As  for  the  cylinders,  the  CH70-T7  rings  were  the 
only  ones  to  fall  at  a  stress  of  30%  of  design  stress;  however, 
at  80£  of  design  stress  the  cast  C-rings  had  lives  as  long  as 
most  of  the  wrought  specimens.  Generally,  the  results  of  the 
C-rings  do  not  correspond  very  well  with  those  of  the  cylinders. 
Typically  the  lives  of  the  C-rings  were  on  the  order  of  ten 
times  those  of  the  cylinders  though  this  ratio  varied  substantially 
for  different  alloys.  The  X7080-T7  C-rings  stressed  to  801  of 
design  stress  had  extraordinarily  long  lives.  However,  shorter 


16 


lives  were  obtained  at  a  stress  of  65$  of  design  stress  for  two 
specimens  which  had  previously  been  stressed  to  30  and  50%  of 
design  stress.  An  X7080-T7  specimen  subjected  to  the  same  lower 
stresses  had  a  short  life  when  stressed  to  80$  of  design  stress. 

The  life  of  a  7075-T73  specimen  having  a  similar  load  history  was 
within  the  wide  scatter  of  specimens  stressed  only  to  80$  of 
design  stress. 

At  stresses  of  65$  of  design  stress  the  large  scatter 
in  the  lives  for  7079-T6  and  X7080-T7  rings  encompasses  the 
relatively  short  lives  of  alloy  2014-T6  and  the  longer  lives  of 
alloy  7075-T73. 

6.  C-Rlng  Stress-Corrosion  Tests 

The  results  of  the  stress-corrosion  tests  of  static- 
loaded  C-rings  are  given  in  Tables  XXII  to  XXIV.  A  comparison 
of  the  stress  levels  resulting  in  failures  is  made  in  Fig.  27 
for  the  die  forgings  and  the  casting  and  in  Fig.  28  for  the 
rolled  rod  stock. 

Because  the  C-ring  specimens  were  stressed  in  bending 
to  a  constant  deflection,  it  was  possible  that  the  occurrence 
of  many  tiny  cracks  would  cause  sufficient  stress  relaxation 
to  prevent  obvious,  visible  cracking.  Consequently,  specimens 
that  did  not  show  visible  cracks  were  examined  metallographically 
to  determine  whether  or  not  they  contained  minute  cracks .  Examples 
where  metallcgraphic  examination  revealed  minute  stress-corrosion 
cracks  are  shown  in  Figs.  29  -  31. 

These  tests  are  significant  from  two  aspects: 

(1)  they  establish  the  resistance  to  stress-corrosion 
cracking  of  the  actual  lots  of  material  involved  in  the  contract; 
and 


(2)  they  put  the  special  environment  developed  for  the 
corrosion-fatigue  tests  in  perspective  with  an  actual  seacoast 
exposure  and  with  a  well  known  accelerated  test  medium. 

a.  Stress-Corrosion  Resistance  of  Contract  Materials 


The  results  obtained  In  all  three  environments  are  in 
good  agreement  with  prior  experience  on  the  products  and  alloys 
involved. 
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Perhaps  the  obvious  observation  is  that,  for 
susceptible  alloys  and  tempers,  the  short-transverse  grain 
structure  in  the  parting  plane  of  die  forgings  is  more  critical 
than  is  the  less  directional,  transverse  grain  structure  in 
the  rolled  rod.  This  is  indicated  to  some  extent  by  failure 
times  in  alternate  immersion  (Table  XXII)  but  is  more  apparent 
from  the  levels  of  stress  causing  failures  in  the  other  two 
environments  (compare  Pigs.  27  and  28). 

As  expected,  alloys  7075-T73  and  CH7Q-T7  were  the 
most  resistant  to  stress-corrosion  cracking;  even  at  the  highest 
stress  no  failures  occurred  in  any  environment.  The  next  most 
resistant  alloy  was  X7080-T7  for  which  the  only  failures  were 
die  forged  specimens  at  the  80$  stress  level  (3^.6  ksi)  in  the 
simulated  seacoast  environment  (Pig.  27).  It  should  be  pointed 
out  that  the  alternate  immersion  test  is  not  the  most  discriminat¬ 
ing  stress-corrosion  cracking  test  for  alloy  X7080  and  that  three 
to  five  years  of  atmospheric  exposure  are  required  to  define 
susceptibility  to  stress-corrosion  cracking  with  reasonable 
confidence . 

The  other  three  alloys,  201^-T6,  7075-T6  and  7079-T6, 
were  susceptible  at  all  stress  levels  in  the  alternate  immersion 
test  and  at  the  high  stresses  in  the  other  two  environments. 

In  the  simulated  and  actual  seacoast  environments  2014-T6  was 
slightly  more  resistant  than  the  other  two  alloys. 


b .  Simula od  ^acoast  Environment 

The  intent  o,"  the  special  acidic-salt  spray  environment 
was  to  simulate,  under  reproducible  laboratory  conditions,  exposure 
to  seacoast  atmosphere,  which  is  one  of  the  most  potent  stress- 
corrosion  cracking  media  of  commonly  encountered,  natural  environ¬ 
ments.  If  successful,  such  a  test  medium  has  the  advantage  of: 

(a)  permitting  frequent  inspection  of  the  specimens;  and  (b) 
eliminating  seasonal  climatic  variations. 

The  stress-corrosion  cracking  data  on  the  static-loaded 
C-rings  (Tables  XXII  to  XXIV  and  Pigs.  27  and  28)  show  good 
agreement  between  the  stress  levels  at  which  failure  occurred  in 
the  simulated  and  natural  seacoast  environments;  both  of  these 
environments  were  somewhat  less  severe  than  alternate  immersion. 

It  was  hoped  that  the  simulated  environment  would  be  somewhat 
accelerated  over  the  natural  atmosphere.  Unfortunately,  the 
inspection  periods  at  the  Point  Judith  station  were  not  frequent 
enough  to  provide  a  precise  comparison.  The  ranges  in  failure 
times  available,  however,  show  appreciably  quicker  failures 
In  the  simulated  environment  only  for  the  7075-T 6  and  7079-T6 
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die  forged  specimens  at  the  80  and  55%  stress  levels  and  the 
X7080-T7  and  2014-T 6  die  forgings  at  the  80%  stress.  For  all 
other  cases,  either  no  failure  has  occurred  or  failure  times 
are  similar. 

It  was  hoped  that  the  stress-corrosion  cracking 
failure  times  in  the  simulated  environment  would  be  such  that 
there  would  be  opportunity  for  both  stress-corrosion  and 
corrosion-fatigue  mechanisms  of  failure  to  be  operative  at 
the  particular  loading  cycles  employed  in  the  corrosion  fatigue 
tests.  However,  because  stress-corrosion  cracking  failure 
times  vary  with  both  applied  stress  and  alloy,  this  objective 
cannot  be  attained  without  adjustment  of  the  loading  cycle  for 
individual  alloy  and  stress  conditions. 

As  shown  by  Fig.  32,  the  depth  and  extent  of  general 
pitting  attack  in  the  simulated  environment  was  similar  to 
that  in  seacoast  atmosphere.  In  both  these  media  numerous 
shallow  pits  developed  that  resulted  in  a  general  roughened 
or  "weathered"  surface  condition.  In  contrast,  the  alternate 
immersion  test  caused  deeper  and  discrete  sites  of  attack. 


7.  Stress-Corrosion-Fatigue  Tests  of  C-Rings  in  Simulated 
Seacoast  Environment _ 


The  results  of  the  fatigue  tests  of  C-rings  in  the 
simulated  seacoast  environment  are  included  in  Tables  XVI  to 
XXI  and  summarized  in  Tables  XXV  and  XXVI.  Alloy  7079-T6 
C-rings  had  the  shortest  lives  at  a  stress  of  8055  of  design 
stress.  The  lives  of  the  other  alloys  overlapped,  with  the 
7075-T73  specimens  tending  to  have  the  longest  lives.  The 
lives  of  the  CH70-T7  C-rings  were  longer  than  most  of  the 
C-rings  from  the  forgings  and  rolled  rods.  Qenerally,  the 
C-rings  from  the  forgings  had  shorter  lives  than  those  of  the 
rod.  The  fact  that  most  of  the  failures  occurred  in  the 
midwidth  of  the  C-rings  is  consistent  with  the  stress  being 
higher  there  than  at  the  edges. 

The  reduction  in  life  was  less  for  the  C-rings  stressed 
to  5055  of  design  stress  than  for  any  of  the  other  tests  in  the 
salt  spray.  This  is  probably  due  to  the  fact  that  the  hold  time 
(4.8  sec)  was  least  for  these  tests.  The  lives  of  two  of  the 
forged  7075-T6  specimens  were  within  the  scatter  of  results  for 
the  specimens  tested  in  laboratory  air.  The  lives  of  the  cast 
specimens  were  shorter  than  those  of  all  but  two  wrought  specimens. 
Alloys  7079-T6  and  7075-T6  would  rate  lowest  of  the  wrought  alloys 
in  these  tests. 
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8.  Comparison  of  Stress-Corrosion  Tests 


Table  XXVII  compares  the  time  to  produce  stress- 
corrosion  failure  in  several  types  of  tests.  For  the  rolled 
rod  specimens,  and  to  a  lesser  degree  for  the  forged  specimens, 
the  times  required  to  produce  failure  in  the  corrosion-fatigue 
tests  of  C-rings  were  generally  less  than  those  of  the  statically 
loaded  C-rings  tested  in  the  same  environment. 

Figure  33  is  an  interaction  diagram,  which  compares 
the  stress-corrosion,  corrosion-fatigue,  and  fatigue  results 
for  the  7075-T6  and  7075-T73  cylinders  pressurized  to  8 0%  of 
design  stress.  The  points  on  the  horizontal  line  are  the 
results  of  fatigue  tests  in  laboratory  air,  which  were  run  at 
20  cpm;  the  diagonal  line  is  for  the  stress-corrosion-fatigue 
tests  in  the  simulated  seacoast  environment,  and  the  vertical 
line  shows  the  results  of  static  stress-corrosion  tests  in  the 
simulated  seacoast  environment.  The  advantage  of  alloy  7075-T73 
in  the  simulated  seacoast  environment  is  obvious.  As  was 
discussed  previously,  the  7075-T73  cylinders  tested  at  0.15  cpm 
failed  from  the  interior  surface  so  the  reduction  in  life  for 
these  specimens  was  apparently  a  result  of  the  hold  time  in  the 
cycle. 

Figure  3^a  shows  a  similar  plot  for  the  7075-T6  C-rings 
and  cylinders.  The  fatigue  lives  obtained  for  the  cylinders  and 
C-rings  tested  in  laboratory  air  overlap  but  in  the  stress- 
corrosion  tests  the  C-rings  lasted  several  times  as  long  as  the 
cylinders.  Surprisingly,  the  7075-T6  C-rings  tested  at  1.5  cpm 
in  corrosive  environment  did  not  suffer  any  reduction  in  fatigue 
life.  More  typical  behavior  is  shown  in  Fig.  3^b  for  7079-T6 
C-rings  and  cylinders. 

As  noted  on  Fig.  3^a  and  3^b,  a  7075-T6  C-ring  and  a 
7079-T6  C-ring  that  were  inspected  after  failure  showed  evidence 
of  both  stress-corrosion  and  fatigue,  whereas  the  cylinders  that 
were  likewise  inspected  gave  evidence  only  of  stress  corrosion. 
This  difference  is  consistent  with  the  different  rates  of  loading 
used,  as  reflected  by  the  location  on  the  chart  of  the  lines 
corresponding  to  the  cylinder  and  C-ring  tests.  For  a  given 
time  of  exposure,  the  cylinders  were  not  subjected  to  as  many 
fatigue  cycles. 

There  are  other  differences  between  the  cylinder  and 
C-ring  test  conditions  which  may  account  for  the  lack  of 
correlation  in  the  test  results.  For  one  thing,  as  mentioned 
previously,  the  cylinders  were  tested  under  constant  load  while 
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the  C-ring  test  was  a  constant  deformation-type  test,  so  that 
the  load  (stress)  relaxed  as  a  crack  propagated  through  the 
thickness.  In  addition,  the  state  of  stress  was  not  the  same 
in  the  two  tests:  in  the  cylinder  the  ratio  of  hoop  to 
longitudinal  stress  was  2:1;  while  in  the  C-ring  the  hoop  stress 
was  about  6  times  the  transverse  stress.  Also,  the  entire 
periphery  of  the  cylinder  was  stressed  uniformly  while  only  a 
small  area  of  the  C-ring  was  stressed  to  the  maximum  level.  This 
is  believed  to  be  significant  because  salt  buildup  occurred 
predominantly  on  upward  surfaces  and  the  region  of  maximum  stress 
in  the  C-rings  was  in  the  vertical  plane.  Finally,  the  salt 
buildup  was  not  uniform  in  the  C-ring  test  chambers.  A 
modification  of  the  C-ring  equipment  to  provide  more  uniform  wetting 
of  the  specimens  would  be  desirable. 


9.  Fracture-Mechanics  Analysis  of  Cylinders 

Of  the  102  cylinders  subjected  to  cyclic  loading  in 
various  environments,  complete  fractures  of  the  entire  8-in. 
length  of  test  section  were  obtained  in  71.  In  these  a  fatigue 
or  stress-corrosion  crack,  or  a  combination  of  the  two  grew  in 
size  to  the  point  where  unstable  crack  growth  resulted  in  fracture. 
Table  XXVIII  shows  the  shape  and  measured  principal  dimensions 
of  the  cracks  in  specimens  tested  in  air.  This  type  of  data, 
together  with  the  average  hoop  tensions  producing  failure  and  the 
average  transverse  values  of  K_  from  Table  V,  were  used  to 
analyze  those  fractures  which  took  place  by  unstable  crack  growth. 

The  fracture-mechanics  analysis  was  made  using  the 
procedures  described  in  Ref.  6.  The  stress  Intensity  at  fracture, 
KIf,  was  calculated  from  the  relationship 

KIf,  ■  (1.1)  /rr  o/a/Q  (1) 

where  a  •  average  (through-the-thickness )  gross-section 
circumferential  stress  in  the  cylinder  wall  at 
maximum  pressure,  ksi 

a  ■  maximum  depth  of  part-through  crack  at  in¬ 
stability,  in. 

Q  ■  4>2  -  0 . 212  (~—)  * 

°YS 

4>  ■  complete  eliptical  integral  of  the  second  kind 
in  which  a/2c  is  the  argument 
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YS  ■  tensile  yield  strength,  ksi 
So  ■  maximum  length  of  pert-through  oraok,  in. 


By  assuming  that  KIf  should  be  equal  to  the  known  value  of  K*  , 
the  fracture  conditions  oan  be  predioted  for  a  particular  crick 
size  or  operating  stress,  as  either: 


1  Kje  * 

aAi  -  rk  : >  •  or 


K 


lo 


(1.21*  a/Q) 


\/i 


(2) 


(3) 


The  calculations  were  based  on  the  assumption  that  the 
analysis  of  part-through  oraoks  under  plane-strain  conditions 
was  appropriate.  It  is  reoognized  that  the  analysis  la  not 
strictly  applicable  in  many  oases  beoause  the  depth  of  the  oraok 
exceeded  one-half  the  wall  thickness}  where  this  occurred,  the 
ligament  between  the  oraok  tip  and  the  opposite  wall  was  probably 
too  thin  to  maintain  plane-strain  conditions,  henoe,  some  type 
of  mixed  mode  or  plane-stress  failure  would  be  expeoted.  Another 
simplification  was  the  use  of  the  average  stress  on  the  wall}  it 
is  recognized  that  the  oiroumferential  stresses  were  not  uniform 
through  the  wall  thlokness  and,  in  faot,  stresses  at  the  inner 
surface  may  have  been  as  muoh  as  30  per  oent  greater  than  those 
at  the  exterior  surfaoe.  Finally,  no  oorreotion  faotors  were 
applied  to  compensate  for  other  geometrical  effeota  (i.e., 
bending  curvature,  or  multiple  oraoks).  These  simplifications 
are  controversial  to  some  extent,  so  the  raw  data  for  the  wrought 
alloys  are  included  in  Table  XXIX. 


The  results  of  the  analyses  are  shown  in  Table  XXIX. 

In  general,  the  values  of  stress  intensity  at  fraoture,  K.f, 
agreed  reasonably  well  with  the  K,  values,  independent  or1 the 
nature  of  the  cracks.  Average  K,fcvalues  ranged  from  l1!  per  oent 
below  to  14  per  cent  above  the  Ki*  values,  with  individual  values 
from  28  per  cent  below  to  31  per-cent  above  Kj  .  While  the  KIf 
values  were  about  evenly  split  above  and  belotrthe  KT  values, 
there  was  a  trend  for  the  K,f  value  to  be  below  K.  when  the 
cyclic  stress  wa3  relatively1 low,  and  above  K-  when  the  oyolio 
stress  was  relatively  high.  10 


Overall,  these  computations  indioate  that  the  fracture- 
mechanics  analysis  does  a  fair  Job  of  analyzing  the  conditions 
under  which  fractures  developed  in  these  cylinders,  particularly 
when  one  considers  that  prior  to  the  advent  of  fracture  mechanics 
there  was  no  analytical  way  to  make  such  calculations.  The 
differences  observed  may  be  related  as  much  to  problems  in 
measuring  Klc  accurately9  as  to  shortcomings  of  the  analysis. 
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An  Additional  point  to  bo  made  in  tho  foot  that  no 
unatahlt  fraoturoa  developed  Tor  CH70-T?,  tho  alloy  with  tho 
highest  indioatod  tranavorao  fraoturo  toughness  (K.a  ■  33  kai/IK, )) 
instead  failuroa  woro  by  leakage  from  through  oraoRl,  Tho 
oomputod  at poaa  intensities,  kx,  for  aomo  of  thoao  oraoka  woro 
about  30  kni/THi  Thus  tho  faot  that  no  unatablo  fraoturoa  dovolopod 
ia  further  aupport  for  tho  uaofulnoaa  of  K.  to  judge  whether 
fraoturo  would  bo  expected  by  leakage  or  unatablo  fraoturo. 


Metal’' ograrhio  examinations  of  aolootod  a  amp  lea  woro 
mad# i  (1)  to  determine  tho  typo  of  failure)  (9)  to  oharaotoriao 
tho  varioua  fraoturo  modes)  and  (3)  to  determine  tho  dogroo  of 
interact  ion  between  fatigue  ana  oorroaion  aa  repreaented  by  tho 
foaturoa  of  fraoturo  aurfaooa,  Thia  work  Involved  vlaual 
examination  ,  light  mioroaoopo  oxaminationa  of  aootlons  poliahed 
and  oto)  jy  oonvontional  proooduroo,  tranamiaaion  olootron 
mioroaoopo  (TEM)  oxaminationa  uaing  tho  atandard  oxide  roplioa 
technique,  and  diroot  examination  of  fraoturo  aurfaooa  with  tho 
canning  olootron  mioroaoopo  (SEM).  Examination!  woro  oonoornod 
primarily  with  oylindor  and  C-ring  specimen*  exposed  to  tho 
simulated  aeaeoant  environment.  Some  oxaminationa  woro  made 
of  oylindor  apootmona  fatigued  in  air,  and  spool al  comparisons 
were  mads  to  determine  tho  effects  on  fraoturo  appoaranoo  of 
apoalmen  life  in  tho  corrosion-fatigue  tost. 

a.  Cylinders  Exposed  to  Simulated  Soaooast  Environment 
_ ikJflt.  9,f  fillUaJMUBU _ _ _ 


Tho  group  of  specimens  aolootod  for  examination  oonaiatod 
primarily  of  oorroalon-fatlguo  specimens  from  forgings  and  rod  of 
7079-76,  7075-T6  and  201t-T6  alloys,  forged  X7080-T7  and  oast 
CH7Q-T7.  Fraoturoa,  extending  tho  full  length  of  the  test  aootlon, 
ooourrod  after  only  a  small  portion  of  tho  arose  sectional  area 
had  boon  penetrated  (Fig.  at).  With  7079-T6  cylinders,  failures 
Initiated  on  tho  outer  surface  and  resulted  from  the  development 
of  a  single  crook  (Fig.  38),  There  was  a  gradual  transition  from 
the  oraoked  region  (slow  fraoturo)  to  the  region  of  rapid  tension 
failure  (faot  fraoturo)  (Fig.  39).  In  201t-T6  and  7075-T6 
cylinders,  in  which  fraoturo  also  initiated  on  the  outer  surface, 
the  fracture  surface  included  many  cracks,  and  the  areas  of  slow  and 
fast  fraoturo  could  be  readily  distinguished  (Fig.  *10),  With  these 
two  alloys,  there  were  also  many  small  auxiliary  oraoks  adjaoent 
and  parnllel  to  the  main  fracture  (Figs,  tl  and  *12).  Fraotures 
in  the  X7080-T7  and  CH70-T7  samples  initiated  on  the  inner  surfaoe 
of  tho  cylinders  and  appeared  similar  to  those  shown  in  Figs.  37 
and  3*. 


Light  miorosoope  examinations  were  made  as  an  aid  in 
establishing  the  fracture  type  in  cylinders  from  7079-T6,  7075-T6 
and  2Ql**-T6  forgings.  Little  information  could  be  gained  from 
cross  sections  of  the  fraoturo  surface  and,  since  the  7079-T6 
specimens  had  no  auxiliary  cracks,  the  failure  of  7079-T6  could 
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not  be  diagnosed  by  this  means,  Wttfr  th#  8014-T6  and  7075*76 
cylinders,  however,  aeotlone  of  auxiliary  oraoke  tndioated  th# 
fraotur#  mod#,  In  both  2014-T6  and  7075-T6  ap#eltn#na  auxiliary 
oraoks  rollowtd  an  intergranular  and  Int »rfragmentary  path  and 
had  no  tranagranular  aegmenta  which  would  auggeat  fatlgu# 
oraoking  (Pigs,  43  and  44),  In  addition*  th#  auxiliary  oraoka 
followed  th#  directionality  of  th#  mioroatruotur#  whioh  waa  at 
a  nonaid#rabl#  anile  to  th#  direction  of  maximum  atr#aa.  Th#a# 
featur#N  ar«  strong  indioatlon  that  th#  failures  w#rt  primarily 
th#  r#ault  of  str#sa  oorroalon, 

Examinations  w#r#  also  mad#  of  sections  of  th# 
auxiliary  oraoka  in  th#  7075-T6  oylinder#  atr#aa#d  und#r  oonatant 
pr#seur#  and  #xpoa#d  to  th#  simulated  aaaooaat  #nvironm#nt 
(stress-oorroaion  test),  Th#s#  oraoka  alao  d#v#lop#d  along 
intergranular  and  lnt#rfragm#ntary  paths  and  followed  th# 
dir#Qtlonality  of  th#  mioroatruotur#  (Fig,  45),  Th#  similarity 
b#tw##n  th#s#  oraoka  and  thoa#  in  th#  oorrosion-fatlgu#  oylind#ra 
indloatad  that  failures  in  th#  oorrosion-fatlgu#  teat  w#r# 
primarily  th#  result  of  stress  oorroalon  rath #r  than  fatigue. 

Light  miorosoop#  #xamlnations  w#r#  alao  mad#  of  oroas 
seotions  of  auxiliary  oraoka  in  oylinder  sp#oim#ns  from  7075-T6 
and  2014-T6  rod  (th#r#  w#r#  no  auxiliary  oraoka  in  7079-T6 
«p#Qlm#na),  All  oraoka  followed  intergranular  or  int#rfragm#ntary 
paths  (Fig.  46),  While  th#  oraok  path  was  th#  aam#  in  sp#nlm#na 
from  forgings  and  rod*  oraok  propagation  was  mor#  diffloult  in 
the  rod  material  because  th#  pronouno#d  miorostruotural 
directionality  of  the  forging  was  absent.  This  aooounta  for  th# 
longer  lives  encountered  with  sp#alm#nfi  from  rod  wh#n  th# 
fallur#  mod#  was  atress-oorroslon  oraoking. 

In  addition  to  th#  visual  and  light  miorosoop# 
examinations*  fraotur#  aurfao#s  in  th#  slow-fraotur#  region  w#re 
examined  with  the  scanning  electron  miorosoop#  (SfiM).  In  oylinder 
apeoimens  from  forginga  and  rod  of  7079-T6,  7075-T6  and  2014-T6 
from  th#  oorrosion-fatlgu#  testa  and  of  forged  7075-T6  from  th# 
atr##a-oorroaion  test*  all  fraotures  had  a  faoeted  appearanoe 
characteristic  of  stress  oorroalon,  with  oraoka  and  oorroslon 
penetrating  along  grain  and  fragment  boundaries  (Figs.  47  -  50), 

A  thorough  search  waa  mad#  of  the  slow  fraoture  regions  of  those 
corrosion-fatigue  apeoimena,  looking  particularly  for  striations 
and  other  features  indicative  of  fatigue  fraotur#.  None  were 
found,  Thua*  the  oraoking  was  by  th#  stress-oorrosion  mode  until 
the  aample  oould  no  longer  sustain  the  load  and  sudden  failure 
ooourred. 


Fraoture  in  the  X708Q-T6  oylinder,  whioh  initiated  on 
the  Inner  surface,  waa  characterised  by  a  distinct  ray  pattern 
at  the  initiation  point  and  striations  in  other  areas  of  the 
slow-fraoture  region  (Fig,  51)  both  of  whioh  ar#  characteristic 
of  fatigue  failure,  Fraoture  in  CH7Q-T7  also  initiated  on  the 
inside  of  the  cylinder  and  was,  therefore*  of  the  fatigue  type* 
although  typical  fatigue  markings  were  not  prominent. 


In  a  further  oharaoterisation  of  fraoture  appearanoe, 
apeoimens  from  forgings  of  7079-T6,  7075-Tfi  and  2014-T6  subjected 
to  the  fatigue  and  oorroaion-fatigue  test  and  of  7075-T6  exposed 
to  the  stress-oorrosion  test  (oonstant  load)  wore  examined  with 
the  TEM,  using  oxide  replica  techniques.  For  the  corrosion- 
fatigue  speolmensi  the  slow-fraoture  region  had  a  faceted 
appearanoe  of  the  type  shown  in  Fig.  52.  This  was  in  sharp 
contrast  to  the  dimpled  surfaoe  seen  in  the  fast-fraoture  region 
(Fig.  53) »  whioh  is  oharaoteristio  of  tensile  fraoture.  It  also 
differed  greatly  from  the  atriatlon  patterns  oharaoteristio  of 
the  fatigue  fraotures  (Fig.  54).  The  olow-fraoture  region  of  the 
7075-T6  specimen  in  the  stress-oorroslon  test  also  showed  the  faceted 
appearanoe  (Fig.  55 ).  This  oonfirms  the  oonolusion  that  the 
failures  of  these  oylindera  in  the  oorrosion-fatigue  test  were 
solely  of  the  >»*ress-corrosion  variety. 


b.  Cylinders  Exposed  to  Simulated  Seaooast  Environment 
at  SOX  of  Design  Stress 

Metallographio  examinations  were  made  of  the  fraoture 
of  oylindera  of  ail  produots  in  whioh  failures  initiated  on  the 
outside  (7079  rod  and  forgings  of  2014— T6  and  7075-T6),  and  of 
7079-T6,  7075-T6  and  X7080-T7  oylindera  having  inside  fraoture 
origins.  The  fraoture  of  the  shortest  lived  2014-T6  specimen 
had  a  granular  appearanoe  throughout  the  slow-fraoture  region, 
and  auxiliary  craoks  followed  an  intergranular  path  (Fig.  56). 
Failure  was  therefore  of  the  stress-oorrosion  type.  The  fractures 
of  a  7075-T6  and  two  7079-T6  cylinders  had  a  granular  appearance 
at  the  craok  initiation  point  (Figs.  57  and  58)  but  ray  patterns 
(Fig.  57)  and  striatlons  elsewhere.  It  was  oonoluded  that  these 
failures  were  of  the  fatigue  type,  initiating  at  stress-oorrosion 
oraoks,  The  failures  of  some  of  the  longer  lived  speoimens 
initiated  at  oorroslon  pits. 

The  cylinders  having  Inside  origins  were  of  7079-T6, 
7075-T6  and  X7080-T7.  All  had  ray  patterns  from  the  origin  as 
well  as  fatigue  striatlons  away  from  the  origin  and  were  typical 
fatigue  fraotures.  Their  appearanoe  w,as  of  the  type  shown  in 
Fig.  51. 


c.  C-Rings  Exposed  to  Simulated  Seaooast  Environment  at 
80<  of  Design  Stress _ 

Metallographio  examinations  were  also  made  of  C-ring 
specimens  from  forgings  of  7079-T6,  7075-T6,  X7080-T7  and  2014-T6 
alloys.  As  has  been  described  previously,  these  specimens  were 
taken  so  that  the  most  highly  stressed  region  in  the  C-ring  was 
at  the  parting  plane  of  the  forging.  Thus,  the  stress  was  in  the 
short  transverse  direction  with  respect  to  the  miorostructure , 
the  most  critical  situation  as  regards  stress-oorrosion  cracking. 


Scanning  electron  microscope  examinations  of  fracture 
surfaces  showed  a  purely  stress-oorroslon  fraoture  in  the  one 
sample  of  2011J-T6  examined.  The  fracture  initiation  region  had 
a  very  granular  appearance  and  the  ray  pattern  that  has  been 
generally  characteristic  of  fatigue  was  absent  (Pig.  59a). 

Elsewhere,  the  faceted  appearance  and  Intergranular  penetration 
typioal  of  stress  corrosion  was  evident  (Pig,  59b). 

In  oontrast,  fracture  surfaces  showed  a  very  definite 
mixture  of  fracture  modes  in  7079-T6,  7075-T6  and  X7080-T7  alloys. 

At  the  fraoture  initiation  points,  ray  patterns  characteristic  of 
fatigue  fracture  were  apparent  but  they  were  frequently  rather 
indistinct  and  had  a  granular  appearance  (Fig.  60a).  In  areas 
primarily  in  the  early  fracture  region,  but  not  exclusively  in 
such  regions,  areas  having  the  distinct  features  of  stress- 
oorrosion  craoking  were  apparent  (Pig.  60b).  In  other  regions, 
generally  more  prevalent  toward  the  end  of  the  slow-fracture 
region,  the  striation  patterns  typical  of  fatigue  were  found, 
(Plg.60c).  Thus,  at  high  magnifications,  there  were  no  visible 
indications  of  interaction  between  the  two  fraoture  modes.  The 
change  in  the  appearanoe  of  the  ray  pattern  at  the  fracture 
initiation  point,  however,  is  definite  evidence  of  interaction. 

Additional  evidence  of  the  mixed-fracture  mode  was 
seen  in  light  microsoope  cross  sections  of  auxiliary  cracks  in 
C- rings  of  7075-T6  and  X7080-T7.  These  examinations  were 
complicated  by  the  fact  that  the  alloys  were  unrecrystallized  and 
either  fatigue  or  stress-corrosion  cracks  would  develop  in  the 
same  general  direction.  At  relatively  low  magnification  (Pig.  61)  the 
mixed  modes  are  suggested,  and  at  higher  magnification,  separate 
areas  in  which  cracking  followed  intergranular  and  transgranular 
paths  were  observed. 

d.  C-Rings  Exposed  to  Simulated  Seacoast  Environment  at 
50%  of  Design  Stress _ 

Metallographic  examinations  in  this  group  were  concerned 
only  with  the  stress-corrosion-susceptible  alloys  7079-T6,  7075-T6 
and  2011»-T6.  In  the  7079-T6  specimens  examined,  considerable 
corrosion  of  the  fracture  surface  made  diagnosis  uncertain.  It 
appeared,  however,  that  failure  was  of  the  mixed-mode  type,  as  had 
been  the  case  at  the  higher  stress  level.  With  the  7075-T6  and 
20HI-T6  specimens,  failures  were  definitely  of  the  mixed-mode  type, 
showing  an  indistinct  ray  pattern  near  the  origin  and  separate 
areas  of  intergranular  faceted  fracture  and  fatigue  strlations. 
Appearance  was  similar  to  that  shown  In  Pig.  60. 


26 


e.  Cylinders  Fatigue  Tested  in  Air 


In  the  fatigue  tests  of  cylinders  in  laboratory  air 
at  50 %  relative  humidity,  it  had  been  expected  that  failures 
would  initiate  on  the  inner  surface  because  the  stress  was 
appreciably  higher  there  than  on  the  outer  surface.  In  a  number 
of  specimens,  however,  failure  initiated  on  the  outside  surface. 

SEM  examinations  were  made  to  compare  the  surfaces  of  fractures 
initiating  on  the  outer  and  inner  surfaces.  Fractures  originating 
on  the  inner  surface  were  characterized  by  ray  patterns  at  the 
origin  and  pronounced  striation  patterns  (Fig.  62).  Some  of  those 
originating  on  the  outer  surface  showed  the  same  characteristics, 
indicating  that  they  were  of  the  fatigue  variety  and  had  presumably 
initiated  at  a  stress  raiser.  Other  fractures  originating  on  the 
outer  surface  had  a  granular  pattern  at  the  origin  and  no  semblance 
of  a  ray  pattern  (Fig.  63a).  Away  from  the  origin,  however,  these 
fractures  showed  the  pronounced  striations  characteristic  of 
fatigue  (Fig.  63b).  Thus,  cracks  of  this  type  were  substantially 
fatigue  cracks  having  a  stress-corrosion  crack  as  their  origin. 

f,  Effect  of  Cycle  Rate  and  Waveform  in  Fatigue 

Earlier  In  this  report  it  was  pointed  out  the  hold 
period  at  maximum  stress  and  the  rate  of  cycling  had  an  apparent 
effect  on  fatigue  life.  SEM  examinations  were  made  to  determine 
whether  this  difference  was  reflected  in  fractographic  features. 

For  this  comparison,  two  7075-T73  cylinder  specimens,  both  of 
which  had  failed  from  an  Inside  origin,  were  selected.  One  had 
been  stressed  sinusoidally  at  a  rate  of  20  cycles  per  minute; 
the  other  had  been  stressed  at  0.15  cycles  per  minute  with  a 
hold  time  at  maximum  stress  of  5J  minutes  on  each  cycle.  The 
appearance  of  the  fractures  at  the  origin  and  at  approximately 
equal  distances  away  from  the  origin  is  shown  by  Fig.  64.  There 
is  indication  that  the  ray  and  striation  patterns  are  more  distinct 
with  the  combination  of  slower  cycling  rate  and  hold  time,  although 
more  samples  would  have  to  be  examined  to  determine  whether  this 
was  the  general  case.  Measurements  indicate  a  somewhat  faster 
propagation  rate  for  the  slow  rate-hold  time  combination.  This 
difference  in  striation  spacing  is  roughly  proportional  to  the 
fatigue  lives  of  the  specimens  (22,000  vs  39,000). 


g.  Effect  of  Specimen  Life  in  Corrosion-Fatigue  Test  on 
Fracture  Appearance _ 

In  the  corrosion-fatigue  tests  of  cylinders  stressed  to 
80#  of  design  stress,  most  specimens  of  the  stress-corrosion- 
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susceptible  alloys  7079-T6,  7075-T6  and  2014-T6  failed  after 
relatively  short  lives.  All  those  examined  failed  by  a  purely 
stress-corrosion  mode.  To  answer  the  question  of  whether 
fracture  appearance  differed  with  test  life,  special  examinations 
were  made  of  two  cylinders  from  2014-T 6  rod  having  lives  of  1573 
and  18,920  cycles.  The  slow-fracture  region  of  the  short-lived 
specimen  had  a  granular  faceted  appearance  throughout,  similar 
to  that  shown  in  Pig.  48.  The  long-term  failure  had  primarily 
the  same  appearance,  although  because  of  the  longer  exposure, 
the  grains  near  the  origin  were  heavily  pitted  after  the  stress- 
corrosion  crack  had  passed  (Fig.  65a).  Near  the  outer  edge  of 
the  slow-fracture  region,  however,  and  just  before  ultimate 
failure,  a  few  areas  of  fatigue  striations  were  observed  (Pig.  65b). 
While  the  two  types  of  failure  were  found  on  this  fracture,  no 
interaction  of  one  failure  mode  with  the  other  was  observed 
and  the  failure  was  judged  to  be  of  the  stress-corrosion  type. 


h.  Possible  Stress-Corrosion-Fatigue  Failure  Mechanisms 

The  mixed  mode  failures  suggest  one  mechanism  by  which 
stress-corrosion  and  fatigue  can  interact  in  a  corrosion-fatigue 
test.  A  number  of  fractures  initiated  as  stress-corrosion  cracks 
and  then  changed  to  the  mixed-mole  type.  These  were  characterized 
by  regions  having  the  features  of  either  stress  corrosion  or  fatigue 
without  any  other  distinctive  features  that  could  be  attributed  to 
the  combination  of  the  two.  Other  investigations*  have  shown  that 
the  propagation  of  stress-corrosion  cracks  is  highly  dependent 
on  the  directionality  of  grain  structure  with  respect  to  the 
stressing  direction.  Combining  these  observations  suggests  that 
the  mixed  mode  cracks  were  stress-corrosion  cracks  as  long  as 
a  favorable  grain  orientation  was  available.  When  a  region  having 
unfavorable  boundary  orientation  was  encountered,  the  stress- 
corrosion  crack  would  be  stalled  while  it  sought  favorably  oriented 
structure  to  either  side  of  the  difficult  area.  This  would 
increase  the  local  stress  on  this  area  and,  with  the  cyclic 
stressing,  fatigue  action  would  breach  the  obstacle.  Once  the 
unfavorably  oriented  area  had  been  passed,  stress-corrosion 
cracking  could  resume. 


SECTION  VII 


CONCLUSIONS 


The  corrosion-fatigue  and  stress-corrosion  performance 
of  several  high  strength  aluminum  alloys  was  investigated  by 
tests  of  hydraulic  cylinders,  C-rings  and  axial-stress  fatigue 
specimens.  Specimens  were  prepared  from  forgings  and  forging 
stock  of  alloys  2014-T6,  7075-T 6,  7075-T73,  7079-T6,  and  X7080-T7 
and  also  from  premium  cast  alloy  CH70-T7.  The  cyclic  loads  of 
the  cylinders  and  C-rings  in  the  corrosion-fatigue  tests  were 
in  the  0.15  to  10  cpm  frequency  range  and  included  a  hold  time 
at  load  to  allow  time  for  stress  corrosion  to  occur.  The 
investigation  led  to  the  following  principal  conclusions  for  the 
tests  in  the  corrosive  environment. 

1.  In  general,  it  was  demonstrated  that  stress- 
corrosion  cracking  may  occur  under  cyclic  loading,  especially 
at  low  frequencies,  and  that  stress  corrosion  and  fatigue  can 
interact  under  certain  conditions  to  produce  failures  in  shorter 
times  and  fewer  cycles  than  for  either  phenomenon  occurring  by 
itself. 


2.  Electron  microscope  examination  indicated  failures 
to  be  either  pure  stress  corrosion,  pure  fatigue,  one  followed 
by  the  other,  or  mixtures  of  the  two,  depending  on  the  alloy  and 
temper,  stress  level,  rate  of  cycling  and  conditions  of  exposure. 
Mixed  mode  failures  generally  started  from  stress-corrosion  origins. 
Apparently,  these  cracks  propagated  by  stress  corrosion  where  the 
grains  were  favorably  oriented  and  by  fatigue  in  other  areas. 

3.  Overall,  alloy  7075-T73  gave  the  uest  performance; 
no  stress-corrosion  failures  occurred  in  this  alloy.  The  lives 
of  forged  cylinders  loaded  by  cyclic  Internal  pressure  to  80%  of 
design  stress  in  a  simulated  seacoast  environment  were  at  least 
10  times  as  long  for  7075-T73  as  for  alloys  2014-T6,  7075-T6,  and 
7079-T6 . 


4.  Stress-corrosion  cracking  did  not  occur  in  any  of 
the  premium  cast  CH70-T7  specimens.  Alloy  X7080-T7  also 
demonstrated  good  resistance  to  stress-corrosion  cracking,  with 
no  failures  of  this  kind  occurring  under  most  test  conditions. 

5.  All  but  one  of  the  cylinders  of  alloys  2014-T6, 
7075-T6  and  7079-T6  that  were  cycled  to  80%  of  design  stress 
developed  stress-corrosion  failures.  Stress  corrosion  also 
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occurred  in  some  of  the  lower  stressed  cylinders  and  many  of 
the  C-rings  of  these  alloys. 

6.  The  static  stress-corrosion  tests  of  C-rings 
ranked  the  alloys  in  the  following  decreasing  order  of 
resistance  to  stress-corrosion  cracking: 

(1)  7075-T73,  CH70-T7  (no  failures) 

(2)  X7080-T7  (some  failures  at  80$  of  design  stress) 

(3)  2014-T6,  7075-T6 ,  7079-T6  (susceptible  at 
30,  55,  and  80$  of  design  stress) 

This  is  also  the  general  ranking  obtained  in  the  stress-corrosion- 
fatigue  tests  of  cylinders  except  that  alloy  X7080-T7  ranked  ahead 
of  CH70-T6  in  the  cylinder  tests. 

7.  Although  the  corrosion-fatigue  tests  of  coupons 
did  not  rank  the  alloys  in  the  same  order  as  that  obtained  in 
the  stress-corrosion- fatigue  tests  of  cylinders,  the  results 
of  this  investigation  suggest  that  for  given  service  loading 
conditions, a  useful  laboratory  test  using  coupons  could  be 
developed . 


The  following  observations , although  not  having  a  direct 
bearing  on  stress-corrosion-fatigue  behavior,  are  also  of  interest: 

1.  Reducing  frequency  of  loading  and  introducing  a 
hold  time  at  load  reduced  by  50$  or  more  the  fatigue  lives  of 
the  wrought  cylinders  which  failed  by  fatigue  action.  However, 
the  difference  in  load  cycle  did  not  appear  to  affect  the  lives 
of  the  cast  cylinders. 

2.  The  fatigue  failures  of  some  of  the  7079-T6 
cylinders  tested  using  sinusoidal  loading  in  laboratory  air 
appeared  to  develop  from  stress-corrosion  cracks. 

3.  When  tested  in  air,  alloy  CH70-T7  generally  had 
significantly  lower  fatigue  strengths  than  the  wrought  products, 
even  though  it  performed  better  in  stress-corrosion-fatigue  than 
several  of  the  wrought  alloys. 

4.  For  the  die  forgings  the  fracture-toughness  values 
obtained  in  the  transverse  and  longitudinal  directions  for  alloys 
7075-T6  and  7079-T6  were  almost  as  high  as  those  of  7075-T73 
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and  X7080-T7.  Alloy  2014-T 6  rated  the  lowest  from  a  fracture- 
toughness  standpoint.  For  transverse  specimens  the  fracture 
toughness  of  the  alloy  CH70-T7  was  higher  than  that  of  any  of 
the  wrought  alloys. 

5.  The  crack  sizes  (fatigue  or  stress-corrosion 
crack)  which  were  associated  with  unstable  fracture  of  the 
cylinders  correlated  well  with  values  predicted  from  the 
fracture-toughness  tests. 

6.  In  the  static  stress-corrosion  tests  the  simulated 
seacoast  environment  proved  to  be  quite  similar  to  actual 
seacoast  atmosphere  both  as  regards  the  stress  levels  causing 
failures  and  the  extent  of  general  corrosion. 
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SECTION  VIII 


RECOMMENDATIONS 


The  results  of  this  investigation  serve  to  emphasize 
the  complex  nature  of  the  stress-corrosion,  corrosion  and 
fatigue  interaction.  It  is  proposed  that  additional  work  be 
done  to  provide  more  information  on  the  stress-corrosion- 
fatigue  behavior  of  high-strength  aluminum  alloys,  as  follows: 

1.  Additional  tests  of  cylinders  should  be  made  to 
fill  in  some  of  the  gaps  in  the  results  for  the  alloys  evaluated 
in  this  investigation.  These  should  include  tests  under  a  steady 
stress  in  a  stress-corrosion  environment  of  alloys  201^-T6, 
7079-T6  and  X7080-T7,  for  comparison  with  the  results  of 
stress-corrosion-fatigue  tests  reported  herein.  Additional 
cylinder  tests  should  be  made  at  higher  loading  rates  in  the 
corrosive  environment  to  obtain  more  information  on  the  inter¬ 
action  of  corrosion  and  fatigue.  The  effect  of  loading  rate 
on  fatigue  strength  in  laboratory  air  is  also  in  question  as 
a  result  of  this  investigation,  and  some  additional  tests 
should  be  made  to  provide  further  data  on  this  point.  Finally, 
a  few  tests  should  be  made  at  different  hold-times  under  stress 
in  the  fatigue  cycle  to  determine  whether  the  time  to  stress- 
corrosion  failure  under  intermittent  loading  depends  more  on 
the  time  under  stress  or  the  total  time  in  the  corrosive 
environment . 


2.  Because  the  corrosion-fatigue  tests  of  cylinders 
appeared  to  be  effective  in  rating  alloys  In  regards  to 
performance  of  hydraulic  cylinders  In  a  relatively  mild  saline 
environment,  additional  tests  of  this  nature  should  be  made  to 
evaluate  new  forging  alloys  such  as  7175-T736,  7049-T73  and 
MA15-T7X. 


3.  The  test  of  C-rings  should  be  modified  to 
provide  more  uniform  specimen  exposure  and  to  obtain  more 
rapid  stress  corrosion,  with  reduced  local  corrosion.  With 
these  alterations  C-ring  tests  should  provide  an  economical 
method  of  seeking  answers  to  some  of  the  following  basic 
questions  regarding  the  stress-corrosion-fatigue  interaction: 

A.  What  effect  does  the  interaction  of  stress- 
corrosion  mode  of  failure  and  fatigue  mode 
of  failure  have  on: 
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(1)  Relationship  between  stress  and  cycles  to 
failure  in  fatigue  tests? 

(2)  Relationship  between  stress  and  time  to 
failure  in  stress-corrosion  tests? 

B.  In  what  range  of  cyclic  loading  conditions 
will  stress-corrosion  cracking  occur? 

C.  Will  some  conditions  of  cyclic  loading  lower 
the  threshold  stress  for  stress-corrosion 
cracking  obtained  in  static  tests? 

D.  What  effect  does  aging  treatment  have  on  above 
factors  ? 
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NOTCH  -8END  FRACTURE  TOUGHNESS  SPECIMEN 

FIGURE  3 
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FRACTURE  PATHS  OF  TEAR  SPECIMENS,  SERIES  I 8  AND  19. 
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AXIAL  STRESS  FATIGUE  SPECIMEN  FOR 
TESTS  IN  LABORATORY  ATMOSPHERE 
OR  SUBMERGED  IN  HIGHLY  CORROSIVE 
LIQUID. 


FIG.  9 
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ARRANGEMENT  OP  CYLINDER  FOR  FATIGUE  TEST  IN  CONTROLLED  ENVIRONMENT 
(See  Fig.  4  for  closure  cap  thread  detail) 


FIGURE  II 


PIG.  12.  FACILITIES  FOR  FATIGUE  TESTING  OF  HYDRAULIC  CYLINDERS 
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COMPARISON  OF  THE  STRESS -CORROSION  PERFORMANCE  OF  STATIC-LOADED 
C- RINGS  FROM  THE  DIE  FORGINGS  AND  CAST  IN  THREE  CORROSIVE  ENVIRONMENTS. 

Pig.  27 


COMPARISON  OF  THE  STRESS-CORROSION  PERFORMANCE  OF  STATIC-LOADED 
C-RINGS  FROM  THE  ROLLED  ROD  STOCK  IN  THREE  CORROSIVE  ENVIRONMENTS. 

Fig.  23 


a  Cross-section  through  C-ring  from  2014-T6  rod  stock,  stressed  to 
80 of  design  stress  after  44  days’  exposure  to  alternate  immersion) 
Many  short  stress  corrosion  cracks  of  the  type  illustrated  were 
found.  (X100 ) 


b  Higher  magnification  of  region  outlined  above  more  clearly  showing 
the  intergranular  nature  of  the  cracking,  which  is  typical  of 
stress-corrosion  cracking  in  aluminum  alloys.  (X500) 

STATIC  STRESS-CORROSION  CRACKING  OP  C-RING  FROM  2014-T6  ROLLED  ROD 

STOCK  IN  ALTERNATE  IMMERSION  TEST 

64 


Pig.  29 


a  Cross-section  through  C-ring  from  7075-T6  rod  stock,  stressed  to 
803>  of  design  stress  after  44  days'  exposure  to  alternate  immersion 
Many  short  stress  corrosion  cracks  of  the  type  illustrated  were 
found.  (X100) 


b  Higher  magnification  of  region  outlined  above  more  clearly  showing 
the  intergranular  nature  of  the  cracking,  which  is  typical  of 
stress-corrosion  cracking  in  aluminum  alloys.  (X500; 

STATIC  STRESS-CORROSION  CRACKING  OP  C-RING  PROM  7075-T6  ROLLED  ROD 

STOCK  IN  ALTERNATE  IMMERSION  TEST 


Cross-section  through  one  of  the  C-rings  from  7075-T6  die  forging 
stressed  to  30%  design  stress  after  293  days'  exposure  to  the  simu¬ 
lated  seacoast  environment.  These  rings  were  removed  from  test 
because  of  exfoliation  in  the  test  region  but  microscopic  examination 
showed  small  stress  corrosion  cracks  were  also  present.  (X100) 


Higher  magnification  of  region  outlined  above  showing  the  crack  is 
following  an  intergranular  path,  which  is  typical  of  stress- 
corrosion  cracking  in  aluminum  alloys.  (X500) 

STATIC  STRESS-CORROSION  CRACKING  OF  C-RING  FROM  7075-T6  FORGING 
IN  SIMULATED  SEACOAST  ENVIRONMENT 
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Fig.  31 
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FIG.  32.  TYPICAL  STRESS-CORROSION  FAILURES  OF  STATICALLY  LOADED  C-RINGS 


TIME  UNDER  STRESS  If!  SIMULATED  SEACOAST  ENVIRONMENT,  t,  DAYS 


I 


L 


STRESS-CORROSION-FATIGUE  TESTS  OF  7075-T6  AND  7075-T73  CYLINDERS 
Maximum  Stress  ■  80 JK  of  Design 
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Fig.  33 


UNDER  STRESS  IN  SIMULATED  SEACOAST  ENVIRONMENT ,  t  DAY: 


3.  A  5  opm 


O  Cylinders 
^  C-ringa 

Log-mean-life 


Failure 

SCC  -  Streea-corroalon-oraoking 
F  -  Fatigue 
n  -  Not  determined 

Note ;  Horizontal  and  vertioal 
aoales  are  proportioned 
to  /gr  and  /F~  y 

1.5  qpm 


v>  SCC  +  F 


,000 

CYCLES  TO  FAILURE,  N 


100,000  150,000 


STRESS- CORROSION-FATIGUE  TESTS  OF  7075-T6  CYLINDERS  AND  C-RINGS 
Maximum  Stress  -  80%  of  Design 

69  Fig.  3V 
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FAILURES  OF  CH70  -T7  CYLINDERS  RESULTING  FROM  FATIGUE  CRACKS 
PROPAGATING  FROM  INSIDE  SURFACE  (WALL  THICKNESS  0.364  IN. ) 

73  Fig.  37 
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J,12?iL}"“la.tl0'1  alte  ln  ws-  38  at  higher 
raagmi icatlon ,  showing  gradual  transition  from 

slow-fracture  to  fast-fracture  region  (X5). 

Figure  39 


Multiple  cracking  sites  and  difference  in 
appearance  of  slow  and  fast-fracture  regions 
cnaracteriutlc  of  20]i|-T6  and  7075-T 6  cylinders 
L:i  uorrosio.u-fatlgue  tost  (X5). 


Figure 


Multiple  auxiliary  cracks  adjacent  to  main 
fracture  in  7075-T6  corrosion-fatigue  specimen  (X30) 


Figure  Hi 


Multiple  auxiliary  cracks  adjacent  to  main 
fracture  in  2Q1H-T6  corrosion-fatigue  specimen  (X30), 


Figure  H2 


7f 


Intergranular  and  interfragmentary  path  of 
auxiliary  crack  in  7075-T6  cylinder  from  stres 
corrosion  test  (X5 00). 


Figure 
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Cross  sections  of  auxiliary  cracks  in  cylinders 
from  rod  exposed  to  corrosion-fatigue  test  (X500). 

Figure  46 


Scanning  electron  micrograph  (SEM)  of  fracture 
surface  in  s low-fracture  region  of  7079-T6  cylinder 
in  corrosion-fatigue  test  (X1000). 


Figure  47 


SEM  of  fracture  surface  in  s low-fracture  region  of 
2014-T6  cylinder  in  corrosion-fatigue  test  (X1600). 

Figure  48 
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SEM  of  fracture  surface  in  s low-fracture  region  of 
7075-T6  cylinder  in  corrosion-fatigue  test  (X900). 

Figure  49 


SEM  of  fracture  surface  in  slow-fracture  region  of 
7075-T 6  cylinder  in  stress-corrosion  test  (X1000). 


Figure  50 


a  Ray  pattern  at  origin  (X70) 


b  Fatigue  atrlations  (X2600) 

SEM  of  slow-fracture  aurface  (ln8ide  origin)  of 
cylinder  from  X7080-T7  forging  in  oorrosion  fatigue  test. 

Figure  51 
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Transmission  electron  micrograph  typical  of 
fracture  appearance  in  slow-fracture  region 
of  7079-T6,  7075-T6  and  201l|-T6  cylinder  in 
corrosion-fatigue  test  (X15,000). 


Figure  52 


TEM  showing  dimpled  rupture  characteristic 
of  tensile  failure  in  fast-fracture  region  of 
cylinders  in  corrosion-fatigue  test  (X15,000). 


Figure  53 


8  4 


TEM  showing  striations  typical  of  fatigue 
failure  In  slow  fracture  region  of  cylinders 
In  corrosion  fatigue  test  (X15»000). 

Figure  5*1 
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TEM  showing  faceted  appearance  of 
slow- fracture  region  of  7075-T6  cylinder 
in  stress-corrosion  test  (X15,000). 


Figure  55 
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Figure  57  Granular  appearance  at  origin  and 
adjoining  ray  pattern  (X50). 


Figure  58  Granular  appearance  at  origin  (X500). 


Fracture  appearance  typical  of  7079-76 
and  7075-T6  cylinders  in  corrosion  fatigue 
test  at  50%  of  design  stress. 


b  Faceted  appearance  and  intergranular 
penetration  (1000X). 

SEM  of  fracture  of  C-Ring  from  201*1-T6 
forging  exposed  in  corrosion  fatigue  test 


Figure  59 


a  Ray  pattern  at  origin  (X60) 


b  Fatigue  striations  (X2400) 


SEM  showing  appearance  typical  of  fractures 
having  inside  origin  in  cylinder 
subjected  to  fatigue  in  laboratory  air. 


Figure  62 

92 


a  Granular  appearanoe  at  origin  (X280) 


&  Fatigue  striations  (X2400) 

SEM  showing  appearanoe  of  fracture  having 
outside  origin  in  oylinder  subjected  to 
fatigue  in  laboratory  air. 


Figure  63 
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Strlatloc*  (12500)  Strlations  (12500) 


a  Intergranular  penetration  and  pitting 
on  grain  surfaces  (X850), 


t 


b  Fatigue  striations  near  end  of 
alow-fracture  region  (X1300). 


SEM  of  frroture  surface  of  cylinder  from 
20T.4-T 6  rod  having  long  life  in 
corroaion-fatigue  teat. 


Figure  65 
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TABLE  vrrr.  RESULT"  of  fatigue  TESTS  of  hydraulic  cylinders 

_ Alloy  7076-T6 _ 


Envl ronment 

Cylinder 

Stock 

Spec . 
No. 

Fatigue 

Pressure 

pci 

Loading  ^  ^  ^ 

,  t-’re'l . 
cpm 

Max. 
Stress  , 
k3 1 

No.  of 
Cycler, 

Description 

of  Failure 

Type 

Initiation 

Posit  ion 

Parting 

Plane 

Maximum  Stress  •  801 

of  Design  Value 

L.lb  fllr(1) 

Die  forged 

6 

0  ,000 

20 

37.9 

2!, BOO 

Fat  1 gue 

Inside 

No 

8 

" 

" 

31 ,800 

Fat ) gue 

" 

- 

Yea 

9 

" 

" 

" 

1)0, 800, r  , 

Fatigue 

" 

- 

Yes 

5* 

" 

" 

" 

68.300^' 

Fatigue 

" 

- 

Yes 

log-mean-11 fe 

31,100 

(2) 

Seacoast v  ; 

Die  forged 

1 

8,000 

0. 11)8 

37.9 

889 

scc(6> 

Outs  J de 

2:00 

Yes 

2 

ti 

II 

" 

1,169 

see 

" 

2:00 

Yes 

3 

" 

" 

" 

1.867 

r.rc 

" 

10:00 

Yes 

log-mean-life 

1,150 

Seacoast 

Rolled 

A 

8,000 

o 

CD 

37.9 

2,760 

r,cclh> 

Outs ide 

1:00 

_ 

B 

" 

" 

" 

6.570 

see 

" 

10:  30 

- 

C 

" 

" 

" 

18.890 

Fatigue 

Inside 

11  : 00 

- 

log-mean-li fe 

~Oio 

Maximum  Stroos  ■  651  of  Design  Value 


Lab  Air 

Die  forged 

4« 

6,500 

48  30.8 

505,100 

Fatigue  ^ 

Outside 

Yes 

7* 

" 

ii  ii 

88,300 

211,000 

Fatigue 

Inside 

- 

No 

log-mean-11  fe 

Maximum  Stress  ■  501 

of  Design 

Value 

Lab  Air 

Die  forged 

4* 

5,000 

48  23.7 

8,000,000 

None 

_ 

5* 

" 

"  " 

" 

" 

- 

7* 

" 

••  it 

" 

" 

- 

Seacoast 

Die  forged 

10 

5,000 

3  Pi. 7 

213,500 

SCC-Fatlgue (fa) 

Outside 

1:30 

Yes 

11 

" 

n 

60,500 

Fatigue , ,  s 
Fatigue10* 

Inside 

1 : 00 

Yes 

1? 

" 

•i  ii 

-w 

Inside 

9:30 

Yes 

log -me an- 1 1 fe 

Seacoast 

Rolled 

D 

5,000 

3  23.7 

9  ii  ,.'»on 

Fatigue^ 

Outside^ 

7:30 

_ 

E 

" 

ii  ii 

ii5,doo 

Fatigue 

1  ns Ide 

5:00 

- 

F 

" 

"  " 

76,200 

Fat  1 gue 

" 

10  :  JO 

- 

log-mean-li  f«? 

202,000* 

Maximum  ."tress  •  301  of  Design  Value 

Lab  Air 

Die  forged 

4 

3,000  60  i4.?  6,059,610  None 

. 

6 

it  ii  ii  ii  ii 

- 

7 

«i  ii  ••  ii 

■ 

U)  Circulating  laboratory  air  at  50  t5!f  relative  humidity. 

(2)  Specimen  enclosures  subjected  to  1-min.  Injections  of  warm  salt  mi;  t  at  12-hr  Intervals.  For  balance  of  time  spec  1  mend 

were  exposed  to  circulating  laboratory  lir  a:»  Id  (1),  1 

(3)  For  tests  in  laboratory  air  hydraulic  pressure  cycled  a  1 nusoldal iy  between  minimum  pressure  of  ,>00  to  4oo  pul  and 

maximum  Indicated.  For  tents  In  seacoast  environment  pressure  in.'M  at  maximum  indicated  for  HOI  or  cycle  time,  is 

then  dropped  sinusoidally  to  minimum  of  2Q0  to  400  pel.  % 

(4)  For  tests  In  aeacoaot  environment,  salt  buildup  and  corrosion  product  was  heaviest  on  tup  side  of  specimen  Vj  t>  <  £ 

o'clock  position),  ^ 

(5)  Not  included  In  log  mean  life.  ? 

(#  )  Rased  on  mrtal lograplilc  examination,  others  <>n  visual  appearance.  *■«? 

i'i)  -r! gl r.  at  corrosion  pit 

•"pec  1  wt»ns  h*ti  prior  loading  bl»»ory,  as  Indicated, 

:\.g 
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TAIM.K  I  It 
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*  =i*au**M»-  -MTUr*.  a 


li  tnSA  Kauixnswa  *E i tinua-xtis.  ®»KM 


Rnylronment 


y  Under 
ti.Ul9.JL  „ 


ruu  "  i.MtJiij11' 

«(>• « ,  mtwr#7  m$. 

mc.HSSL„ 


til  peat,  Mu  i  up 


Wt*  tLBIk  .  MlttUl! 

T»|<* 


JaUtlAUAft.^  ./itUtt-— 

Iftltt  lm 


•M*‘.  ISiSS-us^La*-.- 


MK 


JjHUiO? :  !*A„£UlL» 


Lab  Air01 

Dla  forged 

T 

A, dot) 

l  tv,  a 

1,118 

SLiiS 

Fatigue)*) 

dutalielTI 

« 

’!* 

M» 

1 

4 

II 

n  m 

«  * 

Fatlgueiai 

FaUauo 

Untie 

ounidA 

« 

leg .mean- lire 

t»,ISS 

Stacoaat  ** ! 

Bio  fnrgtd 

1 

8.U.  I  .4 

to 

m 

Otll  It  it 

Nftl 

pee  of  lai 

Vat 

1 

M 

«  it 

ttl 

»00 

ft 

« 

ft 

It 

9 

M 

tt  ta 

II? 

oer 

It 

It 

ft 

»* 

leg-mean.Mfe 

i»o 

Soaooaat 

Kollod 

A 

C 

1,400 

11 

u.lt,  IT,. 

H  « 

W 

mi 

Hf*v 

"exerted 

kid# 

■ 

* 

S 

w 

N  W 

IaM 

m 

ft 

Utoo 

* 

l»C*m'an«llf»  I, US 


Maximum  iitroxa  «  SSI  ttf  Dexlan  Value 


Lab  Air 

Ult  forged 

tt 

j* 

*1,000 

»» 

u  *V 

M,|»0 
U*  Mo 

Tatlgue 

FallCOO 

Uutaldetl j 
Inalda 

; 

V#i 

N 

ft  M 

Fall cue 

Out  a  lie 

tea 

la**t  oan»lir» 

ll», too 

Seaccat 

Bit  roriod 

10 

4,080 

i 

#0,110 

FaMcueiai 

lna<de 

Oil* 

Me 

n 

14  lio 

Fat  Icon 

It 

MOa 

Mu 

it 

ft 

“ 

UalM 

Fatlcua 

It 

»|00 

M* 

log.mean.Hfe 

41, TOO 

Soacoaat 

Kollod 

K 

4,000 

i  ** 

1,1*0 

Fatigue!*) 

FatlgueiM 

OutalCelT) 

OutaldaUi 

ll  00 

• 

F 

S#,5tO 

lino 

tm 

B 

W-.IM 

»attco* 

lnelit 

l#l0Q 

** 

•  - . 

log- mean -II  fv 

3  # ,  MO 

BMlBMB-atim. ■*  101  'f  L'CAljh  Value 

Lab  Air 

Dio  farced 

t 

),000 

f.D  \k>a 

n.OAf  Mb 

Mon* 

, 

4 

II  H 

TA 

A 

ta 

M 

» 


j 

A 

f 


(I)  Circulating  laboratory  air  at  AO  relative  humility, 

(i)  Speclman  enoloeurea  aubjaoted  to  l-mln,  .njeetlona  «r  ear*  Kbit  nut  at  u»m  Interval!,  t\r  balanee  of  Unto  •poolooit* 
war*  expoaed  to  circulating  labor.;  'ey  on  In  (1), 

(3)  For  toots  In  loborot.uy  »lr  hydraulic  preaeure  cycled  alnuaotdelly  Uetueen  minimum  preanure  of  »0i  to  AMO  not  and 
maximum  Indicated.  For  toota  In  •oaeoaat  ervlronment  proaauro  bold  At  maximum  Indicated  fop  IDS  e>  oyale  time,  than 
dropped  xlnuxoldally  to  mini  turn  or  900  to  ton  pal, 

(t)  For  teato  In  aoaooaat  environment,  aall  nl tdup  and  oorroalon  pruduot  uan  hoavtoat  on  top  a  Ido  of  apooliaoti  (I  to  1 
o’ c look  position), 

<61  Baaod  on  metal lugraphla  oxamlnatlon. 

(?)  Initiation  poaalbly  from  ttroaa-cormalon  crack. 

•Spoclmona  had  prior  loading  hlatory,  ta  Indlaatod. 
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CO  it  mri'oajon  pH* 

•  .‘?r»(Mm«no  had  prior  loading  history*  as  Indicated. 
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TABLE  IIII.  RESULTS  OP  PATICtfE  ■ 
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TABLE  XVI.  RESULTS  OF  FATIGUE  TESTS  OF  C-RIXGS 
ALLOY  7075-T6 
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■Specimen  had  prior  streaa  history  as  Indicated 


TABLE  XVII.  RESULTS  OP  FATIGUE  TESTS  OP  C-RINGS 
ALLOT  7079-T6 


m  I afcHWb  iMwtH*  taioiwt*. 


J 
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TABLE  XVII I .  RESULTS  OF  FATIGUE  TESTS  OF  C-HUJQS 
ALLOY  X708O-T7 


Environment 

Stock 

Spec . 
No. 

Fatigue  Loading 

Max.  Strena  Freq . 
kai  cpm 

No.  of 
Cycles 

Fracture 
Distance  from 
Maximum  Moment, 
Degraaa 

Location 

Position*1  Remarks 

Maximum  Strest  •  80S  of 

Design  Value 

Die 

Approx 

Lab  Air 

Forgad 

38,6 

36 

125,500 

0 

0,2M  from 

edge 

38 

H 

" 

2,681,800 

5 

3? 

II 

II 

3,263,300 

0 

39 

M 

II 

8.836,800 

0 

Log- 

-mean- life  * 

,  8,561,436 

Seacoant 

Die 

32 

38.6 

1-1/2 

38,800 

5 

Mixed  SCC  and  fatigue 

Forgad 

31 

" 

II 

35,500 

0 

33 

n 

" 

18.800 

0 

Log-mean-11  fe 

86,100 

Seaooast 

Rolled 

B 

38.6 

1-1/2 

100,800 

20 

A 

II 

II 

116,300 

5 

C 

II  II 

Log-mean- life 

171.200 

5 

Maximum  Stress  •  651  of  Design  Value 

Die 

Approx 

Lab  Air 

Forged 

36* 

28.1 

26 

86,800 

0 

35* 

" 

3,128,100 

0 

4 

Maximum  Stress  ■  50$  of 

Design  Value 

Die 

Approx 

Lab  Air 

Forgad 

38* 

21.6 

36 

10,788,000 

None 

3?* 

H 

II 

II 

" 

36* 

M 

II 

II 

Seacoaot 

Die 

40 

21.6 

10 

1,879,700 

0 

Forged 

92 

II 

1,965,900 

0 

81 

II 

5 

Log-mean-llfe 

2,020,000 

Seacoaat 

Holled 

D 

21.6 

10 

2,327,100 

0 

E 

" 

’,353,800 

15 

F 

" 

9.100.000 

None 

Log- 

■moan-llfa 

2, 820,000 

Maximum  Stress  ■  30$  of  Design  Value 

Approx 

Lab  Air 

Die 

38 

13.0 

36 

2,862,600 

None 

Forged 

35 

" 

" 

M 

36 

II 

II 

Notes 

(1)  Circulating  laboratory  air  at  50  ♦  5 $  relative  humidity.  i 

(2)  Specimen  enolosures  subjected  to  T-mln.  lnjootlons  of  warm  salt  mist  at  12-hr.  Intervals.  For  balanoe  of  time 

speolmens  were  exposed  to  circulating  laboratory  air  as  in  (1). 

(3)  Minimum  stress  in  cyole  approximately  0.4  ksl. 

(4)  Failure  origins  within  central  half  of  specimen  unless  noted  otherwise. 

*  Speolmen  had  prior  stress  history  as  lndloated. 


allure  origins  within  central  half  of  specimen  unless  noted  otherwise. 
Specimen  had  prior  stress  history  as  indicated. 
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TABLE  XXIII- -  RESULTS  OF  STRESS-CORROSION  TESTS  0!i  STATIC-LOADED  C- RINGS 
_ _ EXPOSED  IH  LABORATORY  TO  SIMULATED  SEACOAST  ENVIRONMENT 
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TAELE  XXIV.  RESULTS  OF  STRESS-CORROSION  TESTS  ON  STATIC-LOADED  C-RIHGS  EXPOSED 
_ TO  SEACOAST  ATMOSPHERE  AT  POINT  JUDITH,  R.  I. 
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TABLE  XXVII .  COMPARISON  OP  SPECIMEN  LIVES  IN  CORROSION-FATIGUE  AND 
_ VARIOUS  TYPES  OF  STATIC-STRESS-CORROSION  TEST 


N 


l 

1 


Mb 


Load  Cycles  for  Corrosloiv-Fatigue  Tests 


TABLE  XXVIII 


RESULTS  OP  FATIOUE  TESTS  OP  HYDRAULIC  CYLINDERS 
_ IN  NONCORROSIVE  ENVIRONMENT _ 


Alloy 

and 

Temper 


Cylinder 
Dimensions ,ln. 
Produot  O.D.  Wall 


Spec 

No. 


Description  of  Fatigue  Crack  C'°f) 
Max.  Test  Cycles  to  Point  of  Max .  Maxi Shape 
Stress  Failure  Initla-  Depth,  Length, 
ksl-  tionCgi)  a, In.  2c, In. 


7075-T6  Die  Forging  3*101  0.300 


7079-T6  Die  Forging  3*113  0.306 


X7080-T7  Die  Forging  3.161  0.330 


2&1  <4-T6  Die  Forging  3*177  0.338 


7075-T73  Die  Forging  3*201  0.350 


CH70-T7  Premium  3*229  0.361* 

Casting 


7 
It 
6 

8 
9 
5 

it 

5 

6 

7 

8 
9 

6 

l) 

5 

8 

7 

9 

5 

7 
it 

8 

10 

9 

6 

l) 

7 

8 
9 
5 

5 

6 

it 

7 

8 

'9 


30.8 

30.8 
37*9 
37*9 
37*9 
37*9 

23*11 
23* it 
23* H 

37.4 
37.it 
37*11 

21.6 

28.1 

28.1 

34.6 

34.6 

34.6 

21.4 
27*8 
27*8 
34.2 
34.2 
34.2 

26.8 
26.8 
33*0 
33*0 
33*0 
33*0 

12,0 

12.0 

12.0 

32.0 

32.0 

32.0 


88,290 

505.100 
22,840 

31.760 

40.760 

68,260 

89.590 
149,900 
587,500 

3,960 

27,860 

38,110 

1,361,500 

60,630 

147,560 

12,070 

20,680 

41.760 

2.176.800 
97,480 

219,240 

46,050 

65.590 

87,160 

5.311.800 

7,001,500 

39,280 

48,790 

49,560 

57,310 

649,800 

714.100 
904,000 

10,170 

10,370 

10,970 


In 

Out-P 

In 

In-P 

In-P 

In-P 

Out-P 

In(b) 

Out-P 

Out-F 

In-P 

Out 

In-P 

In 

Out 

In-P 

In 

In-P 

Out 

In 

Out-P 

In-P 

In-P 

In 

In-P 

In 

In-P 

In-P 

In 

In(b’) 

In(b') 

In(jj) 

In 

In 

In(b') 


0.23 

0.28 

0.23 

0.17 

0.20 

0.15 

0.31 

0.30 

0.21 

0.16 

0.19 

0.20 

0.30 

0.27 

0.31 

0.19 

0.21 

Q.22 

0.30 

0.20 

0.24 

0.17 

0.20 

0.18 


0.64{2SZS2rcse«-o 

0.96===rtSS2? 

o.66€SESa  _ 

0.44 

0.58&sy  _ _ _ 

0.44 - Gs£J 

o.85£2K9 

!:Ebd 

q.  ?  8 -  ----- 
0.52«£Eia 
0.50 - 


0.61- 

0.65kSfti 

0.63- 

1.07:[) 
n  -  4  fl~  _ 

0.72S23  . - . 

0.44-==r— 

0.50LS2rf  . - - 

0.64 - bsBaJ 


0.25  0.84 

No  Failure 
0.26 


0.23 

0.28 

0.23 

0.36 

0.36 

0.36 

0.36 

0.28 

0.36 


O.870S  ____ 

n .  7  n  --— —— t 

0.80E55f  - - - 

0.82 - kssfeir 


0.8 

0.94' 


0. 89G3Zfc&- 

1.39 - W 

i&ycz is 

GjjEvffiCo i3 

J5  .  -..X  - — — . — -- 


(a)  "in"  or  "Out", .refers  to  interior  or  exterior  surface  of  specimen; 

-P  indicates  failure  in  parting  plane  of  die  forgings. 

(c)  Fatigue  cracks  penetrated  outer  surface,  stopping  test,  but  there  was  no  general  failure. 
Specimens  No.  7  and  8  of  CH70-T7  developed  cracks  5  and  6-1/2  in.  long,  respectively. 

In  all  other  cases  the  fatigue  cracks  led  to  general  instability  failure,  with 
splitting  over  entire  length  of  test  section. 

(pi)  a  ■  max.  depth  of  fatigue  crack  through  thickness  of  cylinder  wall. 

2c“  max.  length  of  fatigue  crack,  normal  to  "a"  direction 
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immadlalaly  fallowing  lha  title, 

a,  DESCRIPTIVE  NOTRE  If  appraprloto,  enter  lha  type  of 
report,  a, p,,  interim,  pregreee,  aummery,  annual,  ar  final,  i< 

Give  the  Incluaiva  daiaa  whan  a  apeeifte  reporting  parted  la  gMwiaa 
covered. 


auCh'ati **  '^•••itlaatian,  uttttg  , Vender*  ateiementa 

( 0  | |0u alidad  regelate  nay  abiatn  aaptaa  af  tbit 

(II  '» Fa»al  m  anMunaanani  and  dtaaemlattitn  af  IM» 
report  by  DDC  it  net  autherltad,” 

U)  '*Ui  •>  Oavamnaid  agent let  nay  obtain  Malta  aj 
Ibla  ropart  dlreetlV  mi  DM,  Other  qualified  DOC 
utara  a  hall  request  through 


'*  w««^^aajsr.sr 

aball  requeil  through 

- .  .  .» 

01  "All  dlatribuUen  af  ibla  rapan  It  aanliatlaA  Quel- 
Iftad  DDC  utara  aball  requeat  thrvuqh 


reporting  period  la 


5,  AUTH0R(8):  Enter  lha  name(a)  of  autheifa)  aa  ahown  aa 
or  In  lha  report,  Entet  laal  name,  firat  name,  atiddle  Initial, 

If  military,  a  how  rank  and  branch  of  service,  The  nan*  of 
lha  principal  author  la  an  absolute  minimum  requirement, 

6.  REPORT  DATE,  Enter  the  dole  of  the  report  ea  day, 
month,  year;  or  month,  year,  If  mora  than  one  date  appaara 
on  the  report,  uee  dote  of  publication, 

7a.  TOTAL  NUMBER  OP  PAQES;  The  total  pa«a  count 
ahould  follow  normal  pagination  procedural,  La,,  enter  the 
number  of  paaea  containing  information, 

1b.  NUMBER  OP  REFERENCED  Enter  the  total  numbor  ol 
referencei  cited  In  the  retort, 

8a.  CONTRACT  OR  GRANT  NUMBER?  It  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  waa  written, 

86,  8c,  &  8d  PROJECT  NUMBER;  Enter  the  appropriate 
military  department  identification,  auch  aa  project  numbar, 
aubproject  number,  ayatem  numbera,  taak  numbar,  ate, 

9a.  ORIGINATOR'S  REPORT  NUMBER(g)t  Enter  tha  offi¬ 
cial  report  number  by  which  the  document  will  bo  Identified 
and  controlled  by  the  originating  activity.  Title  numbor  muet 
ba  unique  to  (hit  report, 

9b.  OTHER  REPORT  NUMBERfS);  It  the  report  haa  baan 
aaaigned  any  other  report  number*  fttther  by  Ike  originator 
or  by  lha  sponsor),  atao  enter  thi*  number! a), 

10.  AVAILABILITY/LIMITATION  NOTICED  Enter  eny  Urn- 
itutiona  on  further  dtaeemtnotton  of  the  report,  other  than  thoaa 


If  lbs  ropart  haa  boon  ftmlthad  to  tha  Offiaa  af  Yaahrtoal 
•trvltea,  Department  of  Cemmeree.  far  aala  to  iba  public,  Indh 
oata  Ibla  foal  and  anlar  tbs  prtss,  if  bnatma 

U  8UPPLEMENTARY  NOTED  Uaa  fur  additional  o*leae, 
lory  nataa, 

» t  WORKr  iNO  MILITARY  ACTIVITY;  Emar  tba  name  af 
Iba  detrimental  project  office  ar  laboratory  apanasrina  rpay 
in«  far)  tba  raaaatab  and  development.  IntfudT aMraal 

14,  AMTRACTi  Enter  an  abatnot  giving  a  brief  and  fbatual 
summary  af  tba  dseemant  tndtaaltea  af  tba  ropart,  avaa  though 
it  may  also  appear  alnawbaia  in  lha  body  af  the  taabaiaal  re, 
part,  If  additional  apaea  la  required,  a  aantlnuatian  abaat  aball 
ba  attached 

l‘  la  highly  desirable  that  tha  abatroet  af  aleeaifltd  ra porta 
ba  unoUaaiAod,  Eaah  aara graph  af  tba  abatraat  aball  and  with 

an  indteallon  af  the  military  oaeurity  elaiaifleatlan  af  tbs  ut- 
fonaatton  In  tha  poragrapb,  rapraaaatad  aa  ft*),  f«).  fO),  ar  flf) 

There  la  na  llmttatlan  an  tba  tangtk  af  tba  abatraat,  Hew> 
ever,  tha  auggaatad  length  la  from  110  la  111  waida. 

14,  KEY  WORDU  Bay  word*  are  teohaiaelty  meaaingAii  tenaa 
ar  abort  {threat*  tbit  eharaetertg*  a  re  pert  and  may  be  uaed  ae 
Indea  entries  far  oattlnglng  tba  reaert,  Kay  ward*  autl  ba 
•tleetad  aa  that  no  aaeurtty  classification  la  required,  Ideal!* 
flara,  such  aa  equipment  modal  dtaiptaUen,  trada  namt,  military 
project leads  nama,  taegraable  leeatlan,  may  ba  uaad  at  bay 
worda  but  will  ba  ,'oTlowadby  aa  tndtaatlan  af  teabnlaal  aan- 
taat.  The  latlg.tmant  ef  linka,  rutea,  and  wal^ita  la  optional 


R  baa  boon  furnltbad  to  tba  Offiaa  af  Taabaiaal 
mtmant  af  Oammorta,  far  aala  la  iba  pviblla,  indh 


Unc  laaaifli 


urity  ClaaatncaUon 


